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Abstract

Standard algorithms for the extraction of isosur-
faces from volume data (e.g., the Marching Cubes
algorithm) are notorious for producing a large
amount of small triangles. Unfortunately, simplifi-
cation is not a possible avenue in many application
fields, thus a large number of triangles are trans-
ferred to the GPU. The resulting massive data load
of transferring polygonal data from main memory
down to the GPU is a major bottleneck in traditional
polygonal isosurface rendering.

In this paper we propose a novel solution for ren-
dering large isosurface models. Our approach is
based on the combination of an encoding scheme
for the isosurface and a hardware-accelerated de-
coding strategy that takes place entirely on the
GPU. The encoding scheme takes into account the
underlying regular grid structure inherent to this
type of surfaces, hence it results in a more compact
representation. By using this (lossless) compressed
version of the polygonal model, we reduce both
the communication between CPU and GPU and the
storage requirements without any appreciable loss
of quality. Furthermore, no further (slow) bus trans-
fers are necessary, since decoding is performed on
the GPU and the decoded geometry is written di-
rectly into on-board graphics memory. Therefore a
significant speeding up of the overall rendering is
achieved. An application example is presented in
order to illustrate the benefits introduced by our ap-
proach.

1 Introduction

Isosurface extraction is a powerful tool for exam-
ining scalar fields within a volumetric dataset. In
medical imaging, scanning devices, such as com-
puterized tomography (CT) or magnetic resonance
tomography (MRI) scanners, provide a measure-

ment of the patient’s anatomy sampled on a semi-
regular 3D grid. In this case, isosurfaces can
be used to visualize different tissues and organs
present in the dataset. In scientific visualization,
isosurfaces are employed to gain better insight into
simulation results. With the increase in resolution
of medical scanners and the necessity of more ac-
curate simulation results, the size of volume data
expands rapidly. This also has a direct impact on
the size and complexity of the isosurfaces neces-
sary to visualize these data. Typical isosurface ex-
traction algorithms, like Marching Cubes [10], pro-
duce a large amount of (small) triangles. As the
size of the volume increases, so does the number
of triangles forming the isosurface. This can make
difficult or even impede a real-time visualization of
the extracted isosurface. Mesh simplification tech-
niques try to overcome these limitations by reduc-
ing the number of vertices (triangles) in the surface.
Such approaches, though effective, introduce a loss
in terms of quality which, depending on the appli-
cation (e.g., medical imaging), might not be accept-
able. Another possibility to facilitate the visualiza-
tion of large isosurfaces is the application of com-
pression algorithms in order to reduce their memory
size. Depending on the chosen algorithm, whether
it applies lossless or lossy compression, the qual-
ity of the isosurface can be altered or not. How-
ever, a common problem in both cases is the diffi-
culty to efficiently render the compressed surface.
Typically, the compressed isosurface is loaded from
disk and decompressed in main memory before be-
ing sent to the graphics card for rendering. In this
paper, we propose a novel approach where a loss-
less compression scheme is combined with a GPU-
based decoder. By performing the decoding step on
the graphics card, an encoded version of the isosur-
face can be copied to video memory, thus reducing
the load on the bus between CPU and graphics sys-
tem. The use of the newly available OpenGL frame
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buffer objects, allows to save the result of the decod-
ing process in graphics memory and then to directly
access these data to render the isosurface without
any read back to main memory, minimizing again
CPU-GPU bus transfers.

The remainder of this paper is structured as fol-
lows: In the following section, we provide a brief
overview of related work. In Section 3 we introduce
the encoding scheme used to compress the isosur-
face. Following in Section 4, the GPU-based de-
coding process and the subsequent rendering strat-
egy are described in detail. Results are presented in
Section 5. Finally, we summarize the most relevant
aspects of our work in Section 6.

2 Related Work

An extensive amount of work has been done in the
field of volume visualization based on isosurfaces.
With the Marching Cubes algorithm [10] as a start-
ing point much research effort has focused on the
isosurface extraction process. Extracting an isosur-
face from a volume dataset consists in two major
steps: the identification of the active cells corre-
sponding to a given isovalue and the polygonization
of this surface. The latter is normally performed
by identifying the respective case from a look-up
table. The former is usually more computationally
costly, and many optimizations have been suggested
in order to accelerate the search process that locates
those cells intersected by the isosurface. Livnat et
al. [9] used a span-space representation to avoid ex-
haustive scanning of the volume. Cignoni et al. [3]
based their approach in a search through an inter-
val tree. Octrees can also be used to minimize the
range of the search [15]. Additionally, a collection
of seed cells can be identified to perform contour
propagation from those seed cells [1, 14]. Recently,
a GPU-based implementation of isosurface extrac-
tion using the marghing tetrahedra algorithm [4],
has been presented by Klein et al. [7]. This solution,
even though efficient in terms of performance, relies
on the utilization of ATI’s SuperBuffers functional-
ity, from the proposed GL_ATI_super buffers
OpenGL extension [11]. This cumbersome exten-
sion has not been officially accepted by the OpenGL
Architectural Review Board (ARB), which makes
its functionality difficult to handle and restricts its
availability.

In this paper, however, we concentrate in op-
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timizing the display of already generated isosur-
faces. Standard algorithms for isosurface extrac-
tion, such as Marching Cubes, can produce an ex-
tensive amount of triangles when applied to large
volume datasets. High resolution datasets usu-
ally generate large meshes with many small tri-
angles. Even though surface simplification tech-
niques [5, 2, 6] can reduce the complexity of these
isosurfaces by removing and replacing vertices and
triangles of the mesh, in some applications this al-
teration of the original data is not acceptable. This
is the case, for instance, in medical applications,
where the accuracy of the original data must be
kept also in isosurface representations. An alterna-
tive approach to surface simplification is geometry
compression. Given the copious amount of litera-
ture about compression techniques, here we restrict
ourselves to those algorithms oriented to the com-
pression of isosurfaces, which are of relevance for
our work.

Yang and Wu [16] described a method to com-
press triangle meshes generated by the Marching
Cubes algorithm. Based on the fact that in isosur-
faces generated by the Marching Cubes algorithm
all vertices are placed along one edge of an active
cell, they represent each vertex by a cell index, the
index of the supporting edge and its position along
the supporting edge. The connectivity of the ver-
tices is reconstructed by the decoder, in a rather
complex process based on the 3D-chessboard struc-
ture first proposed by Cignoni et al. [3].

Saupe and Kuska [12] presented an algorithm to
compress isosurfaces that is also based on a simi-
lar representation. In this case, the active cells set,
often also called occupancy image, is encoded with
an octree-based scheme in order to efficiently prune
large homogeneous regions of empty space. Based
on a similar isosurface representation, Taubin [13]
developed a different approach that compresses the
representation of the isosurface using a context
based arithmetic coding scheme known as JBIG,
typically dedicated to lossless compression of bi-
nary images.

We employ an isosurface encoded representa-
tion analogous to those described by Saupe and
Kuska [12] and also utilized by Taubing [13]. How-
ever, even though these approaches achieve consid-
erable reductions in the memory size of the isosur-
face, they do not address the problem of rendering
these encoded versions of the extracted geometry.



Typically, the compressed isosurface must be de-
coded by the CPU and the set of polygons (gener-
ally triangles) are then stored in main memory be-
fore being transferred to the graphics pipeline in or-
der to be rendered, hence making bus bandwidth a
major bottleneck. In this paper, we propose a novel
alternative for decoding and rendering an isosurface
fully on the graphics card. Our method makes use of
the newly available functionality on recent graphics
cards (GL_EXT_framebuffer_object), which
allows to generate geometry primitives with shader
programs running on the GPU, without any read
back to application memory. A somehow similar
solution has been recently presented by Kriiger et
al. [8] for rendering of large point scans with point
rendering techniques.

3 Encoding Scheme

(i,j,k+1) (i,j+1k+1)
(i+ 1.k 1) ey 9
Lt 1+ 1kt
Z . edgeZ
/ YC (i j+1K)
X
(i+1,,K (i+1,j+1k)
Figure 1: Volume cell representation. Each cell

C1, j, k contains eight voxels.

Most scanning devices, as well as many 3D sim-
ulation results produce volume datasets sampling a
continuous magnitude at discrete points on a reg-
ular grid. Letrijx € R? with i = 0, ..., 2maz>
7 =0,....Jmaz and k = 0, ..., kmaz, be the posi-
tion of the grid points composing the volume (vox-
els). Since we work with scalar datasets, a scalar
value I; ; . € IR is associated to each grid position.
In this representation, a cell C'%, j, k in the 3D reg-
ular grid has eight voxels at its corners forming a
cube (see Figure 1). An isosurface corresponding
to an isovalue ¢ € IR, can be defined as the solution
of the equation

o(r)—c=0
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where ¢(r) is a continuous interpolation function
¢ : R® — R, such that ¢(rs ;1) = I; ;. for all
voxels Iij k.

During the isosurface extraction process, the first
step consists in finding those cells C', j, k, whose
voxel intensities I;,;,» have values both above and
below the sought after isovalue c. Such cells are
usually denominated active cells or intersecting
cells and are the only ones in the volume that con-
tribute to the generation of an isosurface. Further-
more, in this scenario, all vertices of the generated
mesh representing the isosurface are on edges of an
active cell. In the standard case of Marching Cubes,
vertex positions are linearly interpolated along one
edge of an active cell according to the intensities
of both voxels at the extremes of the edge, and the
given isovalue. Taking this into account, we can
build an alternative representation for isosurfaces,
where instead of storing the 3D coordinates of each
vertex (three floating point numbers, 32 bits each)
and each normal vector (three floating point num-
bers, 32 bits each) of the mesh, indices identifying
the vertex position within an active cell can be used.
More specifically, a vertex position can be deter-
mined as

Ir =rjjk + ta€a

with o = x,y, z, where e, is a unit vector along
one of the three main directions of the regular grid
X,Y,Z, and t, € [0, 1] acts as linear interpolation
factor from a voxel rjjx to one of its first order
neighbors along the edge selected by e,. The value
of t, can be then expressed as

¢ — ¢(rijx)
B(rijx +ea) — P(rijK)

At this point it is important to note that with this
representation, each voxel position can identify up
to six vertices along one of its six incident edges.
However, the half of these positions are redundant
and can be assigned to one of its direct neighbors,
by defining a scan direction. In this case, we asso-
ciate to each voxel the three edges along the neg-
ative direction of the main axis, {e_g,e_y,e_,}.
This way, a vertex lying on one edge will be as-
signed to the ceiling voxel. This choice is arbitrary
and for the sake of clarity, in the remainder of this
paper we will refer to the directions and edges as
X,Y, Z instead of — X, -Y, —Z.

By using this representation, an encoded version
of the isosurface can be created. Each vertex is now

ta =




encoded as a 5-tuple of values (3, j, k, ta, €a). Even
though we have replaced the three coordinates of
the vertex by five values, the memory requirements
associated to the encoded version are considerably
lower. The voxel indices (i, j, k) are integer val-
ues. In our implementation, these indices are stored
using one byte per index, which allows to address
volumes of size up to 256 x 256 x 256. Larger
volumes could be either split in blocks of this size,
or encoded using 16 bits per index. The unit vector
identifying the edge on which the vertex lies could
be ideally encoded using only two bits, since only
three values are possible. However, given that the
encoded isosurface is to be transferred to the GPU
as the content of a set of textures, the edge identifier
must be stored using one byte, the smallest depth
value of the supported texture format. Finally, the
interpolation factor ¢, € [0, 1] is a real number that
can be quantized for encoding. In our system, t,
is quantized with 8 bits and mapped to the range
[0,255]. This choice is sufficient for datasets ac-
quired with a depth of 8 bits/voxel and does not
introduce any extra uncertainty in the isosurface
(see [12] for a complete discussion). Consequently,
the position of each vertex is encoded using 5 bytes
(40 bits) instead of the standard 12 bytes (96 bits),
meaning that the encoded isosurface needs around
58% less memory than a standard OpenGL repre-
sentation.

So far we have dealt with the encoding of the ver-
tex positions. If necessary, it is possible to encode
the normal vectors too. Since a normal vector is
usually normalized to be a unit vector, its magni-
tude can be ignored, focussing only on encoding its
orientation. This can be easily represented using
the azimuth and zenith spherical coordinates (0, ¢),
with @ € [0,27), ¢ € [0, 7]. Here again, (6, ¢)
are real numbers that must be quantized in order to
be efficiently transferred to the GPU in a texture.
Different resolutions can be selected for the quanti-
zation of both components. In our implementation,
we scale each value to be in the interval [0, 255]
and use 8 bits to encode each 6 and ¢ value. Even
though this introduces a certain error in the normal
orientation, our tests show that this is negligible and
does not result in visible artifacts. With such en-
cryption, a normal vector can be encoded using 2
bytes (16 bits) instead of the 12 bytes (96 bits) of
a standard representation, a reduction of more than
83%.
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As briefly mentioned before, we have selected
this representation, not only due to the reduction
of memory requirements associated to the isosur-
face, but specially because of being well suited to
be directly uploaded to graphics memory as the
content of a set of textures. Specifically, two tex-
tures are employed to transfer the geometry infor-
mation (vertex positions) and one texture is uti-
lized to upload the encoded normal vectors, if re-
quired. The first geometry texture is a GL_RGBAS8
texture (8 bits/component), where the RGB com-
ponents contain the (i, 7, k) voxel indices, respec-
tively, and the alpha component comprises the
quantized and scaled interpolation factor ¢,. The
second geometry texture is even more simple and
contains the edge identifier e, in a GL_ALPHAS
(8 bits/component).  Finally, the normal com-
ponents, if needed, are saved as the content of
a GL_LUMINANCE8_ALPHAS (8 bits/component)
texture. This distribution of the data in three tex-
tures obeys not only to a logical separation of the
encoded components, but also to the requirement
that the chosen texture formats are directly sup-
ported by the graphics card, in order to avoid un-
desired transformations.

In order to obtain textures of the form 2™ x 2",
with m, n € Z, the size of the textures is computed
automatically depending on the number of vertices
in the isosurface as

l s
texturewigtn, = 2 og2[/Muverts |

logs Nyerts
temtureheight = 2 I Textureyy;qeh )

This way, the textures containing the encoded iso-
surface can be generated and uploaded to graphics
memory, from where the GPU-based decoder will
access them to produce the vertices of the mesh for
being rendered.

4 Decoding and Rendering

The fast development suffered by graphics cards
in recent years, together with their increasing level
of programmability has brought to the point where
GPU-based computations can clearly outperform
CPU-based ones in scenarios where the highly par-
allel structure of the former can be fully utilized.
We make use of this to accelerate the rendering
of the encoded version of an isosurface presented
in the previous section. Our solution is based



on the newly available framebuffer objects exten-
sion (GL_EXT_framebuffer_object), that al-
lows to render to an off-screen memory buffer in the
graphics card and to reuse this memory buffer as the
source of a vertex array (an alternative to implement
the so called render_to_vertex_array functionality).
This way a costly read back from graphics memory
to main memory can be avoided, thus speeding up
the rendering process.

The functional pipeline of our decoding and ren-
dering strategy are the following:

e Upload data (geometry + normals) as textures
(see Section3).
Render geometry (and normals) texture/-s to
off-screen buffer/-s.
Decode vertex position and normal vector us-
ing a fragment program and write results to a
framebufter object.
Bind content of framebuffer object as source
of a vertex array.
Render vertex array.

Upload Data

The textures described in Section 3, are uploaded
to graphics memory, using OpenGL functions
(9lTexImage2D). This way, the geometry and
the normals can be efficiently transferred to the
graphics card as a whole. Note that with the
given encoding scheme, only the information corre-
sponding to the vertices must be sent to the graph-
ics pipeline, in contrast to GPU-accelerated isosur-
face extraction algorithms, where the whole volume
must be copied.

Render Textures to Off-Screen Buffers

Once the textures have already been defined and
their content has been uploaded, we need to com-
pute the appropriate texture coordinates to access
the correct texels for each vertex. This can be eas-
ily achieved by rendering a multi-textured quad of
the same size as the textures. If a 2D orthogonal
projection is defined and the viewport is also set to
the size of the textures, every texel corresponds to
a pixel on the screen, or as in our case, to a frag-
ment in the off-screen buffer. This is important be-
cause, this way, a fragment program can be utilized
to decode both the vertex position and the normal
vector in a single pass. In order to do this, we
must create a framebuffer object with two different
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draw buffers (GL_.COLOR_ATTACHMENTO_EXT,
GL_COLOR_ATTACHMENT1_EXT). These act as
two independent rendering targets similar to a reg-
ular framebuffer, but without the precision restric-
tions associated to the latter. This is a crucial aspect,
since floating point rendering targets can be defined,
thus making it possible to render (write) the results
of the decoding process directly to a floating point
buffer.

Decode Geometry

For decoding the isosurface on the GPU, a fragment
program in the OpenGL Shading Language (GLSL)
is used. Even though the rendering of the textures
to off-screen buffers and decoding the geometry are
two different logical steps, both are performed in
one single pass. Therefore, the same shader pro-
gram is run once to carry out both tasks. The
shader program is formed by a vertex shader and
a fragment shader. Given the adequate disposition
of the projection matrix and the viewport, the ver-
tex shader is extremely simple. It only must com-
pute one texture coordinate (gl_TexCoord[0]
gl MultiTexCoord0) and transform and or-
thogonally project the four corners of the multi-
textured quad. The actual decoding process is ex-
ecuted by the fragment shader.

The fragment shader receives from the appli-
cation the volume parameters (volume offset and
voxel’s spacings), as well as the identifiers of the
textures involved (two for geometry, three if nor-
mals are encoded). At the same time, the texel
coordinate corresponding to the current fragment—
vertex—texel is passed automatically from the ver-
tex shader. With this information, the decoding
process consists in first identifying the position of
the two voxels on both extremes of the respective
edge, and then interpolate between both positions
using the linear factor ¢,. The linear interpolation
factor can be directly read from the texture since its
value, as all other fixed point precision texture val-
ues, is automatically scaled to be within [0, 1]. The
rest of values read from the textures must therefore
be scaled back to their original values with a multi-
plication by 255. The position of the first voxel r!
can be computed as

1
Ty = 0 + SivV;

where ¢ = x,y, z, with o; being the i-th compo-
nent of the volume offset, s;, the ¢-th component of



(a) MRI Head

(b) Neghip

(c) CT Thorax

Figure 2: Isosurfaces utilized to evaluate the proposed method.

the voxel spacing and v;, the voxel index in the i-
th direction read from the texture. Once computed
the position of the first voxel and known the cor-
responding edge e, by reading the respective texel
value, the 3D coordinates of the second voxel r?
can be easily obtained as

2 1
r“- =r -+ seq,

For the linear interpolation,
r=tor' + (1 —to)r?

the OpenGL Shading Language function vec3
mix (vec3 x, vec3 y, float a) is used.
The obtained vertex position is written as an RGB
value in the first draw buffer bound to the frame-
buffer object, where R = r,,G =ry, B =r..

On the other hand, the normal vector can also
be decoded and the three cartesian components of
the vector can be written to the second draw buffer
bound to the framebuffer object. The coordinates of
the normal vector are computed from the encoded
direction vector (6, ¢) as

ny = —cos(f)sin(g)
ny = —sin(f)sin(¢)
n. = cos(p)

Here again, these values are saved as the RGB con-
tent of a second draw buffer (off-screen buffer) with
R=n:,G=ny,B=n..

This way, both the vertices of the mesh represent-
ing the isosurface and their respective normal vec-
tors are written to graphics memory and ready to be
used for rendering.
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Render Isosurface

In order to render the isosurface, we reuti-
lize the content of the two draw buffers where
the geometry has been written to during the
decoding process. This can be done mak-
ing use of the GL_.EXT_pixel buffer_object
OpenGL extension, together with the already men-
tioned GL_EXT_framebuffer_object exten-
sion. This allows us to bind each of the draw buffers
of the framebuffer object as the source for two ver-
tex attributes of a vertex array. The first vertex at-
tribute (identified by index 0) is mandatory and rep-
resents the vertex position, while the second is op-
tional and can be used to define the normal vector
of the corresponding vertex. Once these vertex at-
tributes are bound by the application, the vertex ar-
ray can be rendered using a second shader program
so that each normal vector can be assigned to the
built-in attribute g1 _Normal in a vertex shader.

5 Results

We have evaluated a prototypical implementation
of the proposed method with a variety of datasets,
some of which are depicted in Figure 2. Our test
system is a PC with an Intel R XeonTM processor
running at 2.66 GHz and a graphics card based on
an NVidia R GeForceTMFX 6800 chipset. Our im-
plementation is cross-platform, having being tested
both in a Windows and in a Linux operating sys-
tem. The timing data presented here correspond
to the Linux tests. Due to space restrictions, we
analyze here an illustrative example of the results
obtained with our method. These results corre-
spond to an isosurface extracted from an magnetic



(a) Original

(b) Decoded

Figure 3: Image quality comparison.

resonance (MRI) scan of a human head (see Fig-
ure 2(a)), with a resolution of 90 x 90 x 109 mm
and a size of 256 x 256 x 114 voxels. For this vol-
ume, we have extracted the isosurface correspond-
ing to the isovalue 190 using Marching Cubes. The
obtained isosurface has been reconverted into a se-
quence of triangle strips, in order to minimize the
amount of connectivity information, resulting in
a mesh of 69924 vertices forming 26401 triangle
strips. Even though this mesh cannot be consid-
ered really large, its size is enough to obtain rep-
resentative values. We compare the performance
obtained with our method in contrast with an ap-
proach using the standard OpenGL pipeline for ren-
dering the mesh. The average rendering time ob-
tained when OpenGL is used to display the standard
version of the isosurface was 42 ms (~ 24 FPS).
With our strategy for decoding and rendering the
isosurface on the GPU, we have measured an aver-
age rendering time of 22 ms (~ 45 FPS). From this
time, ~ 3 ms are employed to upload the textures
to graphics memory and the rest for decoding and
rendering the isosurface. This means an increase
of around 100% in the rendering performance, and
has been confirmed by our experiences with other
datasets (see Table 1. This is due mostly to the fact
that all the geometry is stored directly in graphics
memory and the reduced transfer time necessary to
pass this geometry as textures from system memory.

Figure 3 presents both rendering results corre-
sponding to rendering the isosurface with standard
OpenGL and to apply our decoding and rendering
approach running fully on the GPU. As can be seen,
both images are undistinguishable apart from slight

differences in the illumination conditions.

Table 1: Timing results obtained for different
isosurfaces. T'a: rendering time using standard
OpenGL. Tg: time for decoding and rendering us-
ing our method. T¢: extract from 7 employed to
upload the encoded isosurface.

Dataset #Strips Ta T | Tc
(#Verts.)

MRI Head 26401 (69924) 42 22 3

Neghip 6284 (17183) 11 5 1

CT Thorax || 61566 (144933) 88 41 4
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6 Conclusions and Future Work

In this paper we have presented a novel method for
accelerating the rendering of large isosurfaces. Our
strategy works on an encoded version of the iso-
surface that reduces its memory size, while other
encoding and compression schemes are compatible
with the method and might be incorporated in the
future. The main contribution of our work focusses
on decoding and rendering the isosurface. By mak-
ing use of the programmability of recent graphics
cards and the newly available framebuffer objects
OpenGL extension, the whole decoding and render-
ing process can be performed directly on the GPU.
Since no slow read back to main memory through
the CPU is required, the rendering performance is
increased. One major bottleneck for the render-
ing of large isosurfaces, the bandwidth of the bus




connecting CPU and GPU, is also alleviated due to
the reduced size of the encoded isosurface. This
can greatly benefit applications where the isosur-
face must be updated very often, like the visualiza-
tion of time sequences of animated volumes. The
obtained results are encouraging and illustrate the
benefits of our method: reduced bandwidth require-
ments and faster rendering.

As future lines of work, we plan to investigate
the feasibility of implementing a GPU-accelerated
entropy decoder, which would be a perfect comple-
ment to the strategy proposed in this paper. This
would help to further reduce the communication
requirements associated to the upload of geome-
try data from system memory to graphics mem-
ory, hence providing a new rendering performance
boost.
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