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Abstract—We present an innovative modeling and rendering primitive, called theO-buffer, as a framework for sample-based graphics.

The 2D or 3D O-buffer is, in essence, a conventional image or a volume, respectively, except that samples are not restricted to a regular

grid. A sample position in the O-buffer is recorded as an offset to the nearest grid point of a regular base grid (hence the name O-buffer).

The O-buffer can greatly improve the expressive power of images and volumes. Image quality can be improved by storing more spatial

information with samples and by avoiding multiple resamplings. It can be exploited to represent and render unstructured primitives, such

as points, particles, and curvilinear or irregular volumes. The O-buffer is therefore a unified representation for a variety of graphics

primitives and supports mixing them in the same scene. It is a semiregular structure which lends itself to efficient construction and

rendering. O-buffers may assume a variety of forms including 2D O-buffers, 3D O-buffers, uniform O-buffers, nonuniform O-buffers,

adaptive O-buffers, layered-depth O-buffers, and O-buffer trees. We demonstrate the effectiveness of the O-buffer in a variety of

applications, such as image-based rendering, point sample rendering, and volume rendering.

Index Terms—Sample-based rendering, image-based rendering, hybrid rendering, irregular sampling, hierarchy, offset, frame buffer,

layered depth image.

�

1 INTRODUCTION

SAMPLE-BASED primitives, such as images, volumes, and
points, have been widely used in computer graphics and

visualization. Sample-based graphics employs pixels, vox-
els, or points and renders them using image-based render-
ing (IBR), volume rendering, or point sample rendering,
respectively. Image-based modeling and rendering meth-
ods use an image (e.g., texture, depth image [10], [12],
layered depth image (LDI) [3], [8], [20]) as the modeling and
rendering primitive. All these images are digital, have a
finite resolution, and are stored in a regular 2D gridded
buffer. Similarly, 3D volumes from medical imaging,
scientific simulation, or voxelization of a geometric model
[6] also have a finite resolution and are usually stored in a
regular 3D gridded buffer.

The regular sampling pattern and limited resolution of
images and volumes result in limited spatial precision for
sample points. This makes conventional images and
volumes inefficient in precisely representing high-fre-
quency details (e.g., edges of 3D objects) and in handling
multiple samples in one grid point. Also, there is an
abundance of irregular samples in computer graphics, such
as point clouds from range scanners, curvilinear and
irregular grids from scientific computations, and samples
from adaptive or jittered sampling for antialiasing. How-
ever, regular images and volumes have accuracy limitation
in handling these irregular samples.

As graphics primitives diversify, one challenge for
sample-based rendering is how to organize and mix

different sample primitives in one scene and render them
in correct visibility order, especially when volumes are
involved. Typically, geometric models, images, volumes,
and point clouds represent some objects in 3D space.
Therefore, one may think that a volume representation is an
ideal framework to represent all these models. However,
when pixels and points are projected to 3D space or when
geometric models are discretized, they have to be re-
sampled into a limited resolution 3D grid. Some informa-
tion in the original samples may then be lost.

We believe that the regularity of conventional images
and volumes limits their modeling power and might
actually be unnecessary. For example, some image repre-
sentations, such as LDIs, are assembled from pictures of the
real world. When pixels in these pictures are warped to a
new viewpoint, they no longer fall on a regular grid.
Usually, a resampling process is needed. However, these
representations only serve as intermediate models and are
not used directly for display. Therefore, it is unnecessary for
pixels in these images to be defined on a regular grid. In the
past, the regular pattern of images and volumes was critical
for rendering. However, depth images, layered depth
images, point samples, and volumes can all be rendered
now by some kind of 3D warping or splatting algorithm [5],
[10], [20], [21], [22]. When samples are projected onto an
image display plane, they do not fall on the grid points,
requiring reconstruction and resampling anyway. There-
fore, whether or not samples of the original images and
volumes are on a regular grid is not that important.

To face these challenges, we propose a new modeling
and rendering primitive, the O-buffer. It is essentially a
conventional image or volume, except that samples are no
longer restricted to grid points on a regular grid and their
position is recorded as an offset to a grid point of a regular
base grid. The offset is usually quantized for compact
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storage and efficient rendering. Therefore, the O-buffer can
represent the position of samples more precisely without
increasing the sampling rate of the image or the volume,
can eliminate their need for a regular grid, and can serve as
a container for intermediate and final results to avoid
multiple resamplings during transformation and to reduce
aliasing. In addition, the O-buffer can be naturally utilized
to represent and render unstructured primitives, such as
points, particle systems, and curvilinear and irregular
volumes. Consequently, the O-buffer can be regarded as a
uniform representation for a variety of primitives and can
thus support the mixing of several different primitives (e.g.,
images, points, volumes) in the same scene.

O-buffers are related to the concepts of subpixels,
subvoxels, subgrids, and offset buffers, which have been
used mostly for antialiasing in geometry-based rendering
[2], [18]. The O-buffer, however, is primarily designed for
sample-based models. The O-buffer was inspired by the
pioneering work of Popescu et al. [12], [13], who used an
offset buffer to resolve the visibility of pixels and for
antialiasing in image-based rendering. However, their work
is limited to 2D and used mainly for better reconstruction
after image warping. In our earlier work, we used an offset
buffer for consecutive warping that resulted in an IBR
method with stable frame rates for a real-time system [15].
Botsch et al. [1] attached offset attributes to the samples of
their point sampled geometry to guarantee water tight
surfaces. Sen et al. [19] used offsets to record the locations of
representative points on the geometric silhouette in a
shadow depth map for antialiasing.

In contrast, the O-buffer is a general 2D or 3D sample-
based primitive. The forms of O-buffer include 2D/3D
O-buffer, uniform/nonuniform O-buffer, regular/adaptive
O-buffer, and O-buffer tree. Our main contribution in this
paper is the introduction of the O-buffer as a new modeling
and rendering primitive, a uniform framework for sample-
based graphics, a unified way for hybrid rendering, and a
versatile representation which can be exploited to solve a
wide range of problems in computer graphics and
visualization.

This paper extends our previous work [14] with a more
detailed exposition of the concept, algorithms, and applica-
tions of the O-buffer. A more systematic classification of
O-buffers and a more accurate analysis of storage require-
ments for O-buffers are presented. We also give a high-level
overview of motivations and methods to convert other
primitives to O-buffers. More importantly, we introduce the
O-buffer tree as a structure to compress sparse O-buffers
and to organize samples in a hierarchy. In addition, we
explore three new applications of O-buffers in image-based
rendering and point sample rendering.

In the next section, we introduce the O-buffer represen-
tation and related quantization and data structures. We
present the O-buffer tree in Section 3. In Section 4, we
describe motivations and algorithms to convert other
primitives to O-buffers. The rendering algorithms for
O-buffers are presented in Section 5. Section 6 introduces
some applications for O-buffers. We discuss advantages
and limitations of O-buffers and suggest some future work
in Section 7.

2 O-BUFFER REPRESENTATIONS

The O-buffer is basically a conventional image or volume
except that the sample points in the O-buffer are no longer
on a regular grid. A sample point position is recorded by its
offset to a grid point in a regular base grid. This grid can be
rectangular, cylindrical, spherical, etc. For simplicity, we
use, in this paper, a rectangular grid as the base grid, which
is the most common case. We further define the following
terms: regular samples for samples on a regular grid; irregular
samples for unorganized samples; offset samples for samples
whose positions are recorded by offsets to a regular base
grid.

2.1 Forms of O-Buffers

The O-buffer is a very general primitive and goes beyond
specific graphics primitives, such as images, volumes, and
points. Thus, O-buffers have a variety of forms. According
to the dimension of the data, O-buffers can be classified into
2D O-buffers, which are offset images, and 3D O-buffers,
which are offset volumes. The 3D O-buffer has important
applications in hybrid rendering which will be described in
Section 6.4.

The number of samples in every grid cell of an O-buffer
can be the same or different. According to the uniformity of
the sample distribution, O-buffers can be classified into
uniform O-buffers, where the number of offset samples
stored in every grid cell of the O-buffer is the same, and
nonuniform O-buffers, where this number is different. Fig. 1a
and Fig. 1b show a small portion of a uniform and a
nonuniform O-buffer in 2D. Nonuniform O-buffers provide
more flexibility than uniform ones, thus they may be more
useful in some applications. A typical 2D nonuniform
O-buffer is a layered depth O-buffer, which will be
presented in Section 6.1.

According to the type of the base grid, O-buffers can be
classified into regular O-buffers, where the base grid is
uniform, and adaptive O-buffers, where the base grid is
adaptive [4]. Fig. 1c shows a small portion of an adaptive
O-buffer with a quadtree style adaptive base grid. Each
nonempty node of the quadtree contains offset samples. The
positions of the offset samples in a certain level of the
quadtree are encoded relative to the base grid correspond-
ing to that level of the quadtree. The adaptive O-buffer can
be used to organize samples with nonuniform spatial
precision so that small features can have small scale offsets
while large features have large scale offsets. The adaptive
distance field (ADF) representation proposed by Frisken
et al. [4] also uses an adaptive grid, but it is designed to
represent surfaces. In contrast, the adaptive O-buffer is a
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Fig. 1. (a) A uniform O-buffer, (b) a nonuniform O-buffer, (c) an adaptive

O-buffer.



sample-based representation. It is designed to organize
irregular samples and accelerate the rendering of curvi-
linear and irregular grids.

According to the dimension of the offset, O-buffers can
be classified into O-buffers with 1D offsets, O-buffers with
2D offsets, and O-buffers with 3D offsets. By definition, we
can see that many familiar computer graphics primitives are
just special cases of O-buffer. Regular images and volumes
are just O-buffers with zero offset. Z-buffers, relief textures,
depth images, height fields, layered depth images are
simply O-buffers with offsets only in one direction.

We will use the 2D O-buffer to demonstrate the O-buffer
concept and algorithms in the remainder of this paper
unless explicitly stated otherwise. The extension to the 3D
case is usually straightforward.

2.2 Offset Quantization

By using the O-buffer, we can record the position of a
sample point much more precisely than a conventional
image with the same resolution. The offset can be recorded
by using two floating-point numbers, which represent the
offsets along two axes of the image coordinates. However,
in most cases, a floating-point number is overkill. Usually,
the offset can be quantized for compact representation and
efficient rendering. We find that quantizing the offset into
16 levels in each axis can achieve a good trade off between
spatial accuracy and storage space. In this case, we can use
only one byte (16� 16 ¼ 256) to represent offsets for 2D
O-buffers. A one-byte offset for every pixel does not
increase the storage requirement for an image much. A
typical depth pixel needs 7 bytes (3 bytes for color, 4 bytes
for depth). Therefore, a one-byte offset only gives a
12.5 percent increase of the storage requirement for the
O-buffer.

One-byte offsets can provide reasonable spatial preci-
sion. Suppose the 2D base grid is 512� 512. O-buffers with
one-byte offsets can provide spatial precision for sample
points just as that of a grid of 8; 192� 8; 192. We find that
this is usually good enough for many applications. It can
reduce the position error to be less than 1=32 pixel distance
in each direction in the image plane. Thus, the quantization
error in the source image plane is less than half the diagonal
length of a subpixel, which is

ffiffiffi
2

p
=32 pixel. Then, the

quantization error after warping the source image to a new
image plane is less than

ffiffiffi
2

p
f=32 pixel in the new image

plane, where f is the zoom factor of projecting the source
image to the new image. Similarly, the quantization error
for 3D is less than

ffiffiffi
3

p
f=32 pixel, where f is the zoom factor

of projecting a volume to an image plane. This means that,
even when the zoom factor is 15, which is unusually high,
the error caused by the quantization is still less than a pixel.
A more detailed discussion of the quantization error can be
found in our previous paper [14]. In the remainder of this
paper, we assume that the offset is quantized into 16 levels
in each axis.

2.3 Features of O-Buffers

The O-buffer is a semiregular structure, which is essentially
a two-level hierarchical sample container. The first level is a
uniform spatial partition grid. This level keeps the overall
regularity of the O-buffer. At the second level, each cell of

this grid contains a sorted or unsorted list of samples.
Rather than being resampled to the grid locations, these
samples retain some original spatial information. This level
introduces some irregularity for the O-buffer and thus
makes it more flexible. For example, the O-buffer can now
handle the case of multiple samples falling into the same
cell by recording the subpixel positions of these samples.
Thus, the O-buffer strikes the middle ground between a
regular and irregular representation.

The O-buffer is also an efficient way to encode spatial
information. The position of a sample in the O-buffer
consists of two parts: the base position and the offset
position. The base position is implicitly defined and thus
does not need to be stored. Therefore, the storage and
memory space for the O-buffer can be dramatically
reduced. For example, if we want to maintain 12 bits of
precision in each direction and choose the base grid to be
256� 256, we only need 4 bits, instead of 12 bits, in each
direction to record the position in an O-buffer.

2.4 Data Structures

The data structures for a uniform O-buffer and a nonuni-
form O-buffer are different. For a uniform O-buffer, we can
use the same data structure as a conventional image or
volume, which is just a 2D or 3D array of offset samples.

For a nonuniform O-buffer, we use different data
structures for construction and for rendering. During the
construction stage of an O-buffer, it is more important to
efficiently insert and delete offset samples. Therefore, we
use a 2D or 3D array of linked offset sample lists to store the
O-buffer. During the rendering stage, it is more important
to maintain the spatial locality of offset samples in order to
most effectively take advantage of CPU cache coherency.
We reorganize the offset samples into a linear array ordered
bottom up and left to right in the image space. Then, we
present two auxiliary data structures to access this array: a
double array structure for random access and a run length
structure for sequential access. Fig. 2 shows the double
array structure. We first calculate the location of the
beginning of each scanline in the data array and store them
into a 1D array. Within each scanline, for each cell location,
we store the offset from the beginning of the scanline to that
location. We then use the double array of offsets to locate
each offset sample. In order to find offset samples stored at
a specific cell, we can simply use one offset to find the
beginning of the scanline and then further use another
offset to find the first offset sample at that location. This
data structure is somewhat similar to the one proposed by
Shade et al. [20] for layered depth images. The double array
structure allows quick access to a specific cell in a
nonuniform O-buffer. However, if we always access a
nonuniform O-buffer in scanline order, which is the most
common case for rendering, then the storage can be further
reduced by using a structure similar to that used by run
length encoding. Fig. 3 shows the run length structure. For
each cell, we first store the number of samples in this cell,
followed by a list of samples in this cell.

Now, we can compute the storage requirement for a
nonuniform O-buffer. Let the resolution of the base grid be
w� h and the total number of the offset samples be N . Each
offset sample needs B bytes. Then, the total storage for these
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samples needs N �B bytes. Suppose we use four bytes to
store the location of the beginning of each scanline and two
bytes to store the offset from that location to the beginning
of each cell. Then, the total storage overhead for the double
array data structure is w� h� 2þ h� 4 bytes. Suppose
there are at most 256 samples in each cell, then the storage
overhead for the run length structure is only w� h bytes.
The storage overhead for a nonuniform O-buffer is pretty
small for typical applications. In the remainder of this
paper, we will assume that the run-length structure is used
for nonuniform O-buffers.

2.5 Comparisons

There are different ways to organize irregular samples with
the same spatial precision. For example, we can use a regular
buffer, a sample list, an O-buffer, or a quadtree. We now
compare the storage requirements for these representations.
Suppose there are N irregular samples we want to organize.
Each sample hasB bytes of attributes. If we use a nonuniform
O-bufferwith abase gridof 2w � 2h to organize them, the total
storage will be N � ðBþ 1Þ þ 2w � 2h bytes. If we use a
regular buffer to organize them, we will need a 2wþ4 � 2hþ4

high resolution buffer to achieve the same spatial precision
provided by theO-buffer. The total storage is 2wþ4 � 2hþ4 �B

bytes. It is easy to see that the high resolution regular buffer is
sparse andwastes substantial space formost applications. For
example, if w ¼ h ¼ 9, N ¼ 2� 512� 512, and B ¼ 8 bytes,
the high resolution regular bufferwill consume 512MBspace,
while the O-buffer only needs 4.75MB. If a sample list or a
quadtree is used, the positions of the samples will have to be
recorded as absolute positions in a coordinate system. The
absolute positions need ðwþ 4þ hþ 4Þ bits to achieve the
same spatial precision provided by the O-buffer. Thus, if we
use the sample list representation, we will need N � ðBþ
1þ wþh

8 Þ bytes. If we use the quadtree to organize irregular

samples, the storage space will equal to the storage of the

sample list plus the overhead of the pointers from lower

level nodes to higher level nodes. Thus, we can safely say

that the storage requirement for the quadtree is greater than

or equal to that of the sample list. It is easy to see that, as

long as

N >
2w � 2h � 8

wþ h
; ð1Þ

the O-buffer representation will be more compact than the

sample list and the quadtree representations. In other words,

if there are, on average, 8=ðwþ hÞ samples in each cell of the

base grid, theO-buffer will use less space than the sample list

and the quadtree representations. For a 256� 256 base grid,

this number of samples is 0.5. For a 512� 512 base grid, this

number is 0.45. Thus, the O-buffer is the most compact data

structure among these representations for relatively dense

irregular samples. We will discuss some compression

techniques for sparse O-buffers in the next section.

3 O-BUFFER TREE

For 3D O-buffers that represent surfaces, there are very

likely many empty cells. In this case, the O-buffer may

consume more space than the sample list and quadtree

structures. Also, the existence of many empty cells slows

down rendering. In this section, we introduce the O-Buffer

tree (OB tree) to compress sparse O-buffers and to organize

irregular samples in a hierarchy.

3.1 Three-to-Two Reduction

For 3D sparse O-buffers, if rendering is our only concern,

we can use a 3-to-2 reduction method to compress them.

Fig. 4 shows this technique in 2D. For a sparse 3D O-buffer,

we can project samples in the 3D O-buffer onto one of the

six planes of the bounding box of the O-buffer and organize

these samples into a 2D nonuniform O-buffer. The offsets of

samples to the new lower dimensional base grid are

computed and recorded accordingly. The nonuniform

O-buffer used here is similar to an LDI. However, there

are two fundamental differences between these two

representations. First, samples of the LDI are on a regular

grid, while samples in the 2D nonuniform O-buffer are not.

Second, samples in the same cell of the 2D nonuniform

O-buffer are not necessarily in the different layers of the

model. They may belong to the same layer because

O-buffers can now handle multiple samples from the same
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Fig. 2. A double array structure for nonuniform O-buffers.

Fig. 3. A run-length structure for nonuniform O-buffers.

Fig. 4. Two-to-one reduction: projecting a 2D sparse O-buffer into a 1D

nonuniform O-buffer and recording the offset of samples to the new low

dimensional base grid.



layer falling into the same cell by recording their subpixel
positions. For more details, see Section 6.1.

We can now compare the storage space for 3D and
2D nonuniform O-buffers resulting from the 3-to-2 reduc-
tion so that we can decide whether to do this reduction in
practice. Suppose there are N irregular samples in a sparse
3D O-buffer with a 2w � 2h � 2d base grid. Each sample has
B bytes of attributes. The storage space for the 3D
nonuniform O-buffer is N � ðBþ 1:5Þ þ 2w � 2h � 2d bytes.
After a 3-to-2 reduction, a 2w � 2h nonuniform O-buffer
only needs N � ðBþ 1:5þ d

8Þ þ 2w � 2h bytes. Thus, as long
as N < ð8� 2w � 2h � ð2d � 1ÞÞ=d, the 3-to-2 reduction will
save storage space.

The criterion to choose which of the six planes to use for
the 3-to-2 reduction is the uniformity of the sample
distribution in the resulted 2D nonuniform O-buffer. We
want a final 2D nonuniform O-buffer that has the most
uniform distribution of samples and the least number of
empty cells. For example, in Fig. 4, we project along the Y
direction instead of X because the final nonuniform
O-buffer has a more uniform distribution of samples in
each cell and no empty cells.

3.2 OB Tree

We can combine the 3-to-2 reduction with the octree
structure to develop a more powerful compression method
for sparse 3D O-buffers. We term the new representation an
OB tree (O-Buffer tree). Fig. 5 shows an OB tree. An OB tree is
essentially an octree. Every nonempty leaf node of the
OB tree stores a 2D nonuniform O-buffer. The OB tree can
also be used to organize samples in a hierarchy by storing
some low resolution 2D O-buffers in the nonleaf nodes. In
this case, the OB tree is similar to the LDI tree of Chang et al.
[3] and the LDC tree of Pfister et al. [11]. The differences
between the OB tree and the LDI or LDC tree are similar to
the differences between the O-buffer and the regular buffer.
The OB tree is more general, more accurate, more flexible,
and thus more powerful than the LDI or LDC tree.

3.3 Comparisons

We now compare the OB tree with the conventional octree
and the QSplat representation [17]. Fig. 6 shows some
irregular samples organized by a sparse O-buffer, a
quadtree, and an OB tree. Compared with the quadtree
representation, the OB tree has two major advantages. First,
the OB tree is more compact. At a certain level, the 3D block
of samples is collapsed into a 2D representation and does
not need further subdivision. This may dramatically reduce
the height of the tree. Also, the positions of the samples in

the OB tree are recorded as offsets, while the positions of
samples in the conventional octree are recorded as absolute
positions. This can further reduce the storage. Second, the
OB tree can be rendered faster. Octrees and OB trees are all
rendered by traversing the trees from top to bottom and, at
a certain level, the samples are projected. However, the
octree projects each sample individually, while the O-buffer
projects a block of samples well organized into an O-buffer
whose rendering can be accelerated by using incremental
computation and lookup tables (see Section 5.1).

QSplat is also a data structure used to organize irregular
samples. QSplat encodes a very large number of point
samples in a hierarchy of bounding spheres. Each node of
the QSplat tree contains the sphere center and radius.
However, the node of the QSplat stores a single sample,
while the node of the OB tree stores an O-buffer. Thus, the
OB tree may have fewer levels than the QSplat tree for some
applications. The QSplat is rendered by traversing the
hierarchy and projecting individual samples at a certain
level, while the OB tree is rendered by traversing the
hierarchy and projecting an O-buffer. Samples in the
O-buffer are well-organized and can be rendered efficiently
using incremental computation. To summarize, the QSplat
is a highly optimized structure for point clouds and, in
come applications, may be more compact and flexible than
the OB tree. However, the OB tree is better organized and
can be constructed and rendered efficiently. Thus, the OB
tree is a more regular structure than the octree and the
QSplat. Fig. 7 shows primitives with different level of
regularity for sample-based graphics.

4 CONSTRUCTION OF O-BUFFERS: A CONCEPTUAL

OVERVIEW

O-buffers can be constructed from both discrete repre-
sentations (e.g., images, points, volumes) and continuous
representations (e.g., triangle meshes, NURBs, curvilinear
and irregular grids). This section gives a high-level
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Fig. 5. An O-buffer tree, where every nonempty leaf node of the

quadtree is an O-buffer.

Fig. 6. Different ways to organize irregular samples: (a) a sparse 2D

O-buffer, (b) a quadtree, (c) an OB tree.

Fig. 7. Primitives with different levels of irregularity for sample-based

graphics.



overview of the general principles, motivations, and
methods to convert other primitives to O-buffers.

4.1 Principles

The conversion algorithms for uniform and nonuniform
O-buffers are different. When we convert primitives to a
uniformO-buffer,wewant tominimize the error between the
original primitive and the O-buffer, given a predetermined
resolution for the O-buffer. When we convert primitives to a
nonuniform O-buffer, we want to minimize the number of
samples in the O-buffer, given a predetermined error
between the original primitive and the O-buffer.

4.2 Motivations

The general motivations to convert other primitives to
O-buffers instead of leaving them in their original forms or
converting them to regular buffers include:

. Better organization: The semiregularity of the
O-buffer lends itself to efficient rendering. Thus,
converting other less organized representations,
such as point clouds and curvilinear and irregular
grids, into O-buffers can accelerate the rendering of
these primitives.

. Avoiding resampling: If the sample-based models
only serve as intermediate representations, thenusing
O-buffers to cache them can avoid resampling on a
regular grid (see examples in Sections 6.1 and 6.5).

. More accuracy: Some sample-based models may
contain high frequency details that need more accu-
racy. These details can be recorded into an O-buffer
without the overhead of a high resolution grid.

. Better multiresolution: O-buffers open the possibility
of developing more accurate and flexible multi-
resolution representations for regular images and
volumes. O-buffers provide the flexibility for the
number and position of samples in low resolution
O-buffers. By optimizing these two variables, the
low resolution O-buffers can be used to better
preserve the information of high resolution primi-
tives. We discuss this issue in our previous paper
[14] and its thorough study is left for future work.

. Hybrid rendering: Suppose there are multiple com-
puter graphics primitives in one scene andwe need to
mix them. After converting these primitives to O-
buffers, we only need to render a single primitive, the
O-buffer, whose rendering can then be highly opti-
mized and can even be realized in hardware. Also, we
can determine the visibility of samples in a 3D O-
buffer very easily. Therefore, different samples can be
rendered and composited in correct visibility order,
which is critical especially for volume rendering. For
more details, see Section 6.4.

4.3 Methods

The general methods to convert other primitives to
O-buffers include:

. Ray tracing: Ray tracing can be used to convert
other primitives to 2D O-buffers. Adaptive ray
tracing can locate high frequency details (silhou-
ettes, feature boundaries, creases) in original

models more precisely. Jittered ray tracing can be
used for antialiasing. Ray tracing can also discre-
tize surfaces to 3D O-buffers.

. Warping: Warping is used to transform other 2D
primitives to 2D O-buffers. After warping, samples
can be recorded into an O-buffer to avoid resam-
pling. For example, a single nonuniform O-buffer
can be constructed by warping multiple depth
images into a common image plane (see Section 6.1).

. Projection: Projection is used to convert other
sample-based primitives to 2D/3D O-buffers. For
example, a 3D O-buffer can be constructed by
projecting samples in depth images, LDIs, and point
clouds to 3D space and computing their offsets to a
regular base grid.

. Simplification: Low resolution 2D or 3D O-buffers
can be constructed by simplifying regular images,
depth images, volumes, and even high resolution
O-buffers.

. Discretization: We can discretize surfaces and curvi-
linear and irregular grids into 3D O-buffers. We
presented a vertex clustering algorithm to discretize
trianglemeshes toO-buffers inourpreviouswork [14].

5 RENDERING OF O-BUFFERS

There are two basic methods to render O-buffers: either
by splatting or by ray tracing. The structure of the O-
buffer lends itself well to being rendered by splatting.
Considerable speedup can be gained for splatting by
exploiting the semiregular structure of O-buffers and the
quantization of offsets.

Splatting is an object order approach and memory
coherence of data can be exploited. Incremental computation
has been used to speed up the rendering of samples on a
regular grid [5], [10]. O-bufferswith quantized offset can also
be rendered rather efficiently by using incremental computa-
tion and lookup tables [13], [15]. Splatting consists of two
steps: warping samples to the image plane followed by
reconstruction and resampling. There are several ways [5],
[10] to warp samples in depth images and volumes to a new
image plane. In this paper, we base our presentation on a
methodandnotationproposedbyShade et al. [20].Weuse 2D
O-buffers (i.e., offset images) to demonstrate our method.

5.1 Warping of 2D O-Buffers

Let T be the 4� 4 matrix to transform a point from an offset
image plane to a destination image plane and ðx1; y1; z1; 1Þ
be the homogeneous coordinates of samples in the offset
depth image. Then, the warped sample position at the
destination image plane can be computed by:

T

x1

y1
z1
1

2
664

3
775 ¼ T

x1

y1
0
1

2
664

3
775þ z1T

0
0
1
0

2
664

3
775 ¼ startþ z1:depth: ð2Þ

To compute the position of the next sample along the
same scanline, start is simply incremented. For the O-
buffer, the next sample along the same scan line is
ðx1 þ 1þ u; y1 þ v; 0; 1Þ, where ðu; vÞ is the offset of this
sample. If the offset is quantized to one byte, we can
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precompute T u; v; 0; 0½ � for all possible levels of the offset
(e.g., 256 levels) and store them in a lookup table, table.
Before rendering a new image, we use the new camera
information to precompute the table indices. Then, we use
the following incremental computation:

T

x1 þ 1þ u

y1 þ v

0

1

2
6664

3
7775 ¼ T

x1

y1

0

1

2
6664

3
7775þ T

1

0

0

0

2
6664

3
7775þ T

u

v

0

0

2
6664

3
7775

¼ startþ xincrþ table½u; v�:

ð3Þ

Compared to regular images, there is only a slight
increase in the rendering time for O-buffers.

5.2 Resampling to Regular Buffers

The O-buffers can be resampled efficiently to regular
buffers for display and other purposes. Each offset sample
spreads energy to the neighboring regular sample points.
The weights of the contribution of an offset sample to a
regular grid point can be either the inverse distance
between these two samples or computed from a Gaussian
kernel centered at the regular grid point. However, because
the offset is quantized, we can precompute these weights
for all possible offsets (256 cases for 2D) and store them in a
lookup table. Then, we can quickly obtain the weights of the
contribution of any offset sample to its neighboring regular
samples at runtime. For each regular point, we add the
weighted contributions from all neighboring offset samples
and normalize the result by the summation of all weights.
When the samples are transparent, we first divide the
3D object or scene into different layers [11], [17] based on
depth. The samples in the same layer are resampled to a
regular grid using the method just described. Then, these
layers are composited together from back to front.

5.3 Rendering of OB Trees

The OB tree can be rendered similarly to an LDC tree [11].
Suppose there are low resolution 2D O-buffers stored at all
the internal nodes of the OB tree. We traverse the tree top
down. At a certain level of the OB tree which can provide an
adequate sampling rate for the final image, we render the
2D O-buffer stored at that node using the method presented
in Section 5.1. Please see Pfister et al. [11] for more details.

6 APPLICATIONS OF O-BUFFERS

O-buffers are versatile representations and can be used to
solve a wide range of graphics problems. In this section, we
present some typical applications of O-buffers in image-
based rendering, point sample rendering, and volume
rendering. Our experimental results have been generated
on aDell Dimension 8200 desktopwith a 2.53GHzPentium 4,
1GB of RAM, and an Nvidia GeForce4 with 64MB memory.

6.1 Layered Depth O-Buffers

The layereddepth image (LDI)proposedbyShadeet al. [20] is
an important extension of the depth image. It provides the
information for the occluded parts of an object. The
representation is compact compared to multiple images
because the LDI reduces the redundancy in multiple images.

Having multiple depth images, an LDI can be con-
structed by warping these depth images into a common
camera view. As Shade et al. [20] pointed out, there are
some disadvantages to the LDI. First, pixels undergo two
resampling steps in their journey from input image to
output. This can potentially degrade image quality. Second,
some information in the original images can be lost if a
surface is better sampled in one of the images than it is from
the viewpoint of the LDI. Chang et al. [3] proposed an LDI
tree to solve the problem caused by different sampling rates
in the original images.

We introduce a layered depth O-buffer (LDOB) as an
extension of the LDI to overcome these two disadvantages.
Fig. 8a demonstrates the two resampling steps of the LDI.
When we warp the depth images to the LDI camera
position, the pixels do not fall on a regular grid. Therefore,
resampling is needed at the construction stage of the LDI.
During the rendering stage, the LDIs are warped to an
image plane. At this time, another resampling is needed.
The resampling at the construction stage of the LDI is
unneccesary because the LDI is just an intermediate
representation and is not used for display. Therefore, this
resampling can be delayed to the rendering stage with the
help of an O-buffer. When we warp an image to the
viewpoint of the LDI, we use an O-buffer to record the
position of these pixels in the LDI instead of resampling the
warped image. Because of the quantization of the offset, it
may be more accurate to say that the LDOB avoids
resampling to the base grid at the construction stage.

Fig. 8b demonstrates the different sampling rates
problem. If the original depth image resolutions are
different, then a surface can be better sampled at the
original image that has a higher resolution than the LDI
image. Even if the resolutions of the original images and the
LDI are the same, a surface can still be better sampled at
some image other than the LDI because of the orientation of
the surface.

We propose a two step warping algorithm to preserve all
the information in the original images. The LDOB is still
constructed by warping the depth images one by one to the
LDOB camera position. However, before we warp a depth
image to the LDOB, we first try to reconstruct this depth
image from the current LDOB by warping pixels in the
LDOB to the image plane of this depth image. Only pixels in
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Fig. 8. (a) Multiple resampling problems of the LDI, (b) different sampling

rates in the original images. Part of the surface is better sampled at the

image taken from C2 than at the image taken from the LDI camera.



the original depth image that cannot be reconstructed from
the LDOB are warped and stored into the LDOB. These
pixels either represent new surfaces or surfaces which
cannot be sampled well in the LDOB. The main steps of our
algorithm are:

1. Initialize the camera and the resolution of the LDOB.
2. Sort the depth images in ascending order according

to the angle between the camera of the depth images
and the camera of the LDOB.

3. Repeat the following steps for every depth image in
the sorted list:

a. Warp the LDOB to the image plane of the depth
image and mark all pixels in the depth image
that lie near the warped pixels from the LDOB.

b. Update the LDOB by warping all unmarked
pixels in the depth image to the image plane of
the LDOB and storing them in the LDOB. The
positions of these pixels are recorded using
offsets.

The size of the splat for pixels in an LDOB can be fixed [16]
or computed from normal vectors [20]. In our case, the splat
can beprecomputed, quantized, and storedwith the samples.
For each sample, we find its neighboring samples in the same
surface of the model. Then, we compute the maximum
distance between this sample and its neighboring samples
and use this distance as the splat size [22]. This way, we
guarantee that there are no holes in the rendered images.

Fig. 9 demonstrates the LDOB advantages. We use a
curved checkerboard for the experiment. We render seven
depth images of the checkerboard from different camera
positions around the object. The resolution for each image is
512� 512. These seven images have a total of 673,993
nonbackground pixels. Then, we assemble separately an
LDI and an LDOB. The LDI has 102,362 nonbackground
pixels, while the LDOB has 210,855. Both the LDI and the
LDOB can reduce the redundancy of the original images.
However, the LDOB keeps more samples from original
images of surfaces that are not well-sampled from the
camera of the LDI. Fig. 9a shows the image from the

viewpoint of the LDI camera. The red quadrilateral region is
not well sampled from this viewpoint. Fig. 9b shows a
portion of the image rendered by warping the LDI back to
one of the original images which has a better sampling rate
for the red quadrilateral region. In order to avoid holes, a
large splat size has to be used and the image is therefore
blurred. However, if the LDOB is used, the samples from
the original images are kept. When we warp the LDOB
back, we still have enough sampling rate and the final
image is still sharp. Because the O-buffer is used to avoid
multiple resampling, the image has almost the same quality
as the original image (see Fig. 9c). It takes 0.13 sec to render
the LDI and 0.15 sec to render the LDOB. The LDOB has
more samples to warp. However, resampling is faster for
the LDOB because the LDI has to use a larger splat size than
the LDOB. If we do not use quantization and incremental
warping, the time to render the LDOB will be 0.19 sec. Thus,
compared with the sample list representation, the O-buffer
can gain more than 20 percent speedup for splatting.

6.2 Adequately Sampled Point Representations
with O-Buffers

A point sample representation is adequately sampled at the
given resolution and magnification if surface point samples
aredense enough so that,when theobject is viewed, therewill
be no holes, independent of the viewing angle [5], [8], [11]. A
typicalexample is thesurfelsmethodproposedbyPfisteretal.
[11] (see Fig. 10). Surfels sample geometricmodels from three
sides of a cube into three orthogonal LDIs, called a layered
depth cube (LDC) [8]. The LDCcanguarantee that the surface
is adequately sampled [8], [11]. With the introduction of the
OB tree, the O-buffer can be used to enhance the surfel
representation and provide a compact, yet adequately
sampled point representation for surfaces.

A fundamental limitation of LDC sampling is that thin
structures that are smaller than the sampling grid cannot be
correctly represented and rendered. For example, spokes,
thin wires, or hair are hard to capture. Fig. 10 illustrates this
problem. If the O-buffer is used, this problem can be easily
solved. The O-buffer can capture much smaller features
than a regular buffer without the overhead of a high
resolution grid. We can use adaptive ray tracing to locate
small features missed by LDC sampling and record the
positions of these small features in the O-buffer.

Also, using three LDIs causes more storage space and
rendering time. Pfister et al. [11] used a 3-to-1 reduction
method which reduces the LDCs to one LDI. However, this
approach resampled the surfels to the regular grid. This may
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Fig. 9. Improving image quality with an LDOB: (a) a curved checker-

board, (b) an image rendered by warping an LDI, (c) an image rendered

by warping an LDOB.

Fig. 10. Surfel representation.



degrade image quality and smooth out some fine details.
Actually, we can easily combine three LDIs into one LDOB
and reduce any existing redundancy by deleting points that
aregetting tooclose. For example, inFig. 10,wecanproject the
surfels from LDI 2 to the image plane of LDI 1 and combine
two LDIs into one LDOB. Similarly, the LDC tree used in
surfels can be enhanced with the OB tree.

6.3 Image-Based Edge Antialiasing

Image-based models consist of images which are either
pictures of the real world or rendered images of some
synthetic scenes. Edges in 3D objects cannot be sampled
adequately and precisely due to the discrete nature of
images. This may cause two problems for image-based
rendering: coarse edges when we warp a depth image to a
new viewpoint and aliasing around edges when we
combine multiple images together because the edges in
these images cannot match each other precisely due to the
limited resolution of regular images.

We present an image-based edge antialiasing method
using O-buffers. Our method first extracts edges either by
adaptively sampling geometric models to locate edges
precisely or by edge detection from high resolution images
taken from the real world. The edge of an object can be
detected by finding the depth and color discrepancies of its
image. The pixels near the depth discrepancies are the
boundary pixels and are treated as edges. Then, we build
multiresolution representations for both the original images
and the edge images. The low-resolution images are
generated by low-pass filtering the high-resolution images.
The edges (3D lines in the edge images) are simplified by
using a geometric simplification method. Generating low-
resolution edge images is equivalent to using fewer vertices
to approximate the original 3D lines. The new vertices of the
edge images are recorded by an O-buffer.

There are twoways to suppress aliasing around the edges.
One way is to combine a low-resolution image and a high-
resolution edge image into one nonuniform O-buffer. In this
case, the edges have better sampling rates. Another way is to
combine the image and the edge image at the same resolution
into one uniform O-buffer in which the samples along edges
have a better spatial precision, even without a higher
sampling rate. More accuracy for the edge pixels can provide
better image quality, more accurate registration of multiple
depth images, and thus suppress aliasing.

The edge detection and the construction of the O-buffer
can be done as preprocessing. After that, the edge-
antialiases image-based representations can be used in
real-time systems.

Fig. 11 shows an example of suppressing aliasing around
edges of the Buddha model using nonuniform O-buffers.
We first generated a depth image of the model. The image
resolution is 512� 512. We constructed a low-resolution
256� 256 image by box filtering the original image. Fig. 11a
shows an image rendered by warping the low-resolution
image. The edges are fuzzy and blocky. Then, we extracted
the edges of the high resolution image and stored them with
the low-resolution image in a 256� 256 nonuniform
O-buffer. Fig. 11b shows the image rendered by warping
the O-buffer. The edges look much better.

6.4 Hybrid Rendering with O-Buffers

Volumetric data constructed from CT and MRI scans are
widely used in medical virtual systems and they are usually
rendered using volume rendering. With the increasing
requirement for more realistic simulations, hybrid volume
rendering becomes even more important. For example,
some medical operations involve penetrating the human
organ with a medical device such as a scalpel or an implant
such as a pace maker. These objects may be modeled by
different graphics primitives. The human body is usually
modeled by volumetric data, while the medical devices can
be modeled by polygonal, point-based, or image-based
models. These models need to be mixed in the same scene
in the virtual system. Another example for hybrid volume
rendering is a polygonal plane flying through a volumetric
cloud over an image-based terrain.

Hybrid volume rendering is a challenging problem. All
primitives in a scene must be drawn in topologically depth
sorted order because compositing with the over operator for
volume rendering is not commutative [7]. Hybrid volume
rendering methods can be categorized into two classes: All
primitives are either rendered separately and composited
later or first converted into a common primitive and
rendered together. As mentioned before, if we first convert
all primitives in a scene into one common primitive, we
only need to render one primitive whose rendering can then
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Fig. 11. Image-based edge antialiasing: (a) a Buddha rendered from a

depth image, (b) a Buddha rendered from an O-buffer.



be highly optimized and can even be implemented in
hardware. Handling only one primitive makes hardware
units smaller and, thus, more efficient. This approach is
used in graphics boards, where all geometric models are
first converted into triangles so only one primitive is
processed by the hardware. Therefore, we believe that
converting all primitives into one common primitive has its
advantages and may be a starting point to design hardware
for hybrid rendering.

The O-buffer provides a unified framework for hybrid
rendering because various primitives (e.g., triangle meshes,
points, depth images, volumes) can all be converted into
O-buffers which provide high spatial precision for samples
and avoid unnecessary resampling. If these primitives have
no relative motion, they can be premixed into one
3D nonuniform O-buffer. The O-buffer can easily solve
the visibility order. Thus, blending and compositing of
different objects can be elegantly handled by rendering the
samples in the O-buffer from back to front. Furthermore,
when multiple samples from different models occupy the
same cell of the 3D space, the redundancy can be reduced
by only storing one sample based on some predetermined
overlapping rules.

There are other ways to mix triangle meshes, images,
points, and volumes. For example, these objects can be
separately warped and Z-buffers can be used to solve the
visibility. One problem with this approach is that it is
inefficient to blend multiple transparent objects. These
objects have to be sliced into slabs in the depth direction
and special attention must be paid to guarantee that slabs
from different primitives in a similar depth zone are
rendered and mixed together. Another approach is to
organize all these objects in an octree-based structure which
can then be splatted from back to front. This approach is
similar to our method. However, O-buffers are more
compact and can be warped faster than irregular samples
organized as an octree.

Fig. 12 shows an example which mixes a volumetric
CT lobster with an image-based skeleton hand. The
resolution of the lobster is 320� 320� 34. The image-based
human hand consists of six 512� 512 depth images which
were generated by rendering a geometric model from the
stereolithography archive at Clemson University. These
images were projected to 3D space and combined with the
lobster into a 3D O-buffer. Then, the 3D O-buffer was
rendered by volume splatting. The rendering time is
1.2 seconds. It can be seen that these two primitives are
blended nicely.

6.5 Sample Caching

Image-based rendering can be used to accelerate surface and
volume rendering by exploiting frame-to-frame coherence.
There are two ways to use the previously rendered images.
One approach is at the image level, where whole previous
images are cached and reused. Another approach is at the
pixel level, where only some pixels from previous images
are cached and reused. The image level approach is widely
used [9]. An image at some key viewpoint (key frame) is
rendered by a traditional method from a high-resolution
scene. Then, this image can be warped to generate a few
new frames (derived frames) for this scene. If this key frame

image cannot provide adequate quality, the whole image is
rerendered. However, if this key frame image has to be
generated on the fly and the time to render it is much longer
than the time to render a derived frame, an unstable frame
rate will be noticed.

A pixel-level approach only caches and reuses some
pixels from previous images [15]. Therefore, an image-
based rendering method with stable frame rates can be
developed by updating only a fraction of the samples at
each frame instead of updating the whole image once in a
while. These pixels or points are assembled from some
previous images. Therefore, when these pixels or points are
projected onto a new image plane or 3D space, they no
longer fall on a regular grid. O-buffers can be used to cache
these pixels and points. We can use 2D O-buffers, 3D
O-buffers, or LDOBs to cache samples based on the
application. There are two common scenarios where IBR
is used to accelerate rendering of a complex scene. In the
first scenario, a user walks or flies through a scene. In this
case, a new part of the scene comes into the view and an old
part of the scene disappears. The pixels disappearing at a
viewpoint are unlikely to appear again. In our previous
work [15], we used 2D O-buffers to cache these pixels.
However, one disadvantage to this approach is that we only
cache samples which are visible at the current viewpoint.
This means that, when viewpoints are changed, we always
need the original models to generate new images. In the
second scenario, a user spins a scene and observes it. In this
case, pixels disappearing at one frame are likely to appear
again in later frames. This scenario can appear in network
graphics, where if we have a very complex model at a
server and a user wants to see it on a client. Every time the
client sends viewing parameters to the server, the server
renders a depth image and sends it back. Instead, if the
client side can cache these images, then, after a few frames,
the client side can render images for new view parameters
just from the cached images. However, directly caching all
these depth images may be memory expensive because
these images have substantial redundancy. The 3D
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Fig. 12. Mixing a volumetric lobster with an image-based human hand

into one 3D O-buffer which is then rendered by splatting.



O-buffers or LDOBs are ideal ways to cache these samples.

We can project pixels in these images into 3D space or to a

new image plane and construct a 3D O-buffer or an LDOB.

O-buffers can reduce redundancy, avoid resampling, and

do not compromise image quality. O-buffers provide more

accuracy than regular buffers and are more compact than

sample lists.
Fig. 13 shows an example of using LDOBs to cache

samples. The original model is a volumetric plane model.

The resolution of the plane is 363� 512� 140. The color of

the original model is prefiltered and stored in the same

resolution 3D texture volume. The storage requirements for

the density volume and color volume are around 76MB.

Depth images of the model are generated by VolVis, a freely

distributed volume rendering software package developed

at Stony Brook. We have generated 81 depth images of the

plane at various camera positions around it by ray tracing.

The image resolution is 512� 384. Caching all these images

or the original density and texture volumes consumes a

large amount of space. However, we can use an LDOB to

cache these 81 images and reduce any existing redundancy.

The average caching time for each frame is about 0.6 sec,

which is good enough for network graphics. Fig. 13a shows

the LDOB. The number of total valid pixels (nonback-

ground pixels) in the LDOB is 94,982. The total storage

requirement for the LDOB is only about 0.9MB. Fig. 13b

shows an image rendered by warping the LDOB to a new

viewpoint. The rendering time is about 0.08 sec.

7 DISCUSSION AND FUTURE WORK

Our primary contribution in this paper has been the

introduction of the O-buffer—a uniform framework for

modeling and rendering a variety of 2D and 3D sample-

based primitives.

Our O-buffer representation is novel and unique in

various ways and has the following features:

Accuracy: It can provide much higher spatial precision

for samples than the same resolution images and volumes.

Semiregularity: It is a semiregular structure which lends

itself to efficient construction and rendering. It is more

powerful than a conventional image or volume and is more

compact than other irregular sample-based representations

(e.g., sample lists).

Uniformity: It provides a uniform framework to represent

various irregular and regular sample primitives in computer

graphics, such as images, points, and volumes, and thus

supports mixing these primitives in the same scene.
Flexibility: Storing more accurate spatial information

with samples makes it possible for O-buffers to store

multiple samples in one cell and provide more flexible and

accurate multiresolution schema for images and volumes.

Versatility: It is a versatile representation and can solve a

variety of problems, such as limited resolution of images

and volumes, antialiasing for surface rendering, sample

caching for image-based or point sample rendering, data

mixing for hybrid volume rendering, irregular sample

organization, and level-of-detail management for samples.

O-buffers also have several limitations. First, the current

data structures for nonuniform O-buffers and OB trees are

tailored for rendering. Dynamically changing the content of

the nonuniform O-buffers may incur an overhead which

may not be ignored in practice. Second, as an antialiasing

method, the O-buffer method is more complicated com-

pared to the supersampling method that is simple and

general. Third, generating O-buffer representations for

some applications may be time consuming. This may limit

its use in real-time systems.
The introduction of the O-buffer opens up a wide range

of future directions. These include the investigation of the

3D O-buffers representing density or distance fields,

accelerating the rendering of curvilinear and irregular grids

with adaptive O-buffers, developing more accurate and

flexible multiresolution representations for regular images

and volumes using O-buffers, and converting a tetrahedral

mesh to an O-buffer.
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Fig. 13. Caching samples with LDOBs: (a) an LDOB, (b) an image

rendered from the LDOB.
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