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ABSTRACT

The study of the light field, as a function defining the radiance along the different viewing directions of a scene,
started more than a decade ago and is still ongoing due to its interesting applications. Among the different parameteri-
zations existing for the light field, we will be centered on the spherical light-field parameterization due to its quality of
viewpoint-independency. In this work, we present an improved multiresolution method for rendering of spherical light
fields with a non-uniform sampling, while focusing on the visualization of large storage volume light-field datasets.

Categories and Subject Descriptors (according to ACM CCS):

Computer Graphics [1.3.3]: Picture/Image Generation—Display algorithms—
Computer Graphics [I1.3.5]: Computational Geometry and Object Modeling—Curve, surface, solid, and object

representations—

Computer Graphics [1.3.6]: Methodology and Techniques—Graphics data structures and data types—

1. Introduction

Image-based rendering techniques are those which build
three-dimensional representations of a scene using only two-
dimensional information extracted from images of it. One
such technique is light-field rendering [LH96]. By storing ra-
diance information from a synthetic or real scene, light-field
rendering allows the visualization of the scene from novel
points of view. The information stored in a light field con-
sists of radiance samples along a 4D set of oriented lines.
Light fields can also be extended with depth information or
geometric proxies as supplementary information allowing a
more accurate reconstruction of the radiance function with a
smaller amount of samples.

Like other image-based rendering methods, the simplified
acquisition process is one of the strengths of light-field ren-
dering. As opposed to the acquisition process of data used
in traditional 3D rendering, which often requires complex
scanning hardware for acquisition of real-world models, im-
age data acquisition can be as simple as taking pictures of
a model from a given set of points pointing in a given set
of directions. Moreover, light fields have been studied to im-
prove their representation [IMGOO] or used in conjunction
with other methods to produce novel view generation tech-
niques [CEJ*06].

Another advantage of this class of techniques is their in-
herent independency of the rendered scene’s geometric com-
plexity. This fact makes them ideal for the visualization of
3D datasets of arbitrary geometric complexity while main-
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taining interactive framerates. This is also true when scene
complexity depends on computationally expensive shading
effects. Complexity of image-based representations depends
only on the image complexity, which in the specific case of
light fields translates to a direct dependency on the spatial
and directional resolution of the frame to be rendered.

As noted previously, light-field rendering also supports
the use of hybrid information consisting of radiance and ge-
ometry. This feature allows the rendering of scenes with a
great amount of detail produced by textures coupled with
simple geometry supporting it. This provides light-field rep-
resentations with means to integrate themselves easily with
content based on more traditional rendering techniques, and
can also be used to produce renderings of a higher quality
with a reduced amount of samples with algorithms that use
depth correction [GGSC96].

On the other hand, light-field models can present high
storage and memory requirements on the rendering system
if high levels of detail are to be supported. To reduce the im-
pact of this requirements on the rendering performance, both
multi-resolution and on-demand data retrieval techniques are
used to enable out-of-core rendering techniques.

Moreover, recent advances in the field of 3D devices,
specifically multiview displays, have further increased the
relevance of light fields as a rendering technique of choice
for visualization of 3D models [YCH"05, CNC*05]. Au-
tostereoscopic displays, which produce different views of a
scene for different viewpoints creating an illusion of vol-
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ume, work in a manner much similar to light fields, as in
both cases different images are mapped to different viewing
directions. This intuitively leads to an association between
both, although the specifics of this depend on the parameter-
ization of the light-field representation used and the specifi-
cations of the devices [FNH*02,IMY*07].

This paper presents an improvement in spherical light-
field rendering [IPPL97, CLF98, TRSKKO8]. The spherical
light-field model we use has the properties described above,
including hierarchical multiresolution, support for geomet-
ric proxies and depth correction, and support for autostereo-
scopic rendering [EBA*09]. Spherical light-field parameter-
izations also grant viewpoint-independent rendering of the
light field and hence uniform image quality across differ-
ent points of view. In this work, we present an improvement
on the light-field rendering algorithm that provides different
levels of detail on arbitrary sampling directions. This allows
us to reduce the directional and spatial resolution, for a pre-
defined set of angles. It also allows us to reduce the dataset
sizes and memory footprint of a light-field model by using
less sampling on viewpoints which are less likely to be ex-
amined or are not acquirable for a given scene.

In the next pages, we review previous work and theory
upon which light-field rendering finds its foundation, in or-
der to provide a background on the specifics of the chosen
rendering model. After that, we explain the features, advan-
tages and disadvantages of this model. We then explain how
these features are of relevance to our work, and present our
contributions. Later, we outline some ideas for future work
and discuss the conclusions derived from our current work.

2. Previous work

The concept of light field is based on the plenoptic func-
tion defined by Adelson and Bergen [AB91]. If we consider
the mathematical concept of pencil as the set of rays pass-
ing through a point in space, we can define the light field as
the radiance of every pencil in space. More formally, it can
be defined as a function that captures the radiance R flow-
ing through every point (x,y,z) in every possible direction
(6,0) of 3D space. We can simplify this definition assuming
radiance to be of a fixed wavelength and restricting time to
represent a fixed moment, thus obtaining a 5D scalar func-
tion R(x,y,z,0,0), which will give a radiance value for each
position and direction in space. Note that by reducing the
dimensionality of the function in this manner, the support
of that function becomes the set of rays L(x,y,z,6,0) of 3D
space [GGSC96,L.H96].

As radiance is constant along a given ray, we can further
reduce the dimensionality of the function support to 4D if we
assume an occlusion-free 3D region of space is being mod-
eled. Therefore, the support of R becomes the set of oriented
lines in 3D space. Once we have defined the light field in this
way, all we need to do is describe this set of lines accord-
ing to a given parameterization, which can be structured or
unstructured. This parameterization will produce a discrete
model, allowing us to quantify the radiance function by tak-
ing samples of it in a finite set of points inside the bounds of
its support.

Figure 1: Planar parameterization.

2.1. Light-field Models

The two types of parameterizations, structured and unstruc-
tured, differ in the way they sample 3D space. Unstructured
parameterizations do not impose restrictions on the view-
points used to capture the images of the objects. Models
based on unstructured parameterizations can be built using
approximate geometric models [BBM*01], depth informa-
tion [SVSGO1], or measurements of the focus of the object’s
points [TNOS]. On the other side, structured parameteriza-
tions sample the rays using regular patterns in their parame-
ters. Most structured parameterizations can be classified into
one of two types, planar and spherical.

Planar parameterizations, which incorporate concepts
from holography [HH92], parameterize each line in the light
field with two points P and Q. These points define the inter-
section of a line with two parallel planes (see Figure 1), a
construction given the name of light slab. Therefore, a line
L is defined by parameters (s,7,u,v). According to this defi-
nition, we need a minimum of six light slabs to form a vol-
ume completely enclosing a given model [LH96]. Gortler et
al. extended this model using geometric proxies to improve
the reconstruction of the continuous radiance function with a
depth correction algorithm, that reduced artifacts like ghost-
ing and seams [GGSC96].

Figure 2: Spherical parameterization.

There are several types of structured spherical parameter-
izations. The most widely known ones are the two sphere
parameterization [IPPL97] and the direction and point pa-
rameterization [CLF98]. These parameterizations have the
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advantage that they produce a (quasi)uniform sampling of
the line space where the light field is defined. The two-
sphere parameterization defines a ray using a point on the
surface of a sphere bounding the model along with a point
on a sphere clinging to the previous one. On the other hand,
the direction-and-point parameterization selects a point on a
chosen plane and its perpendicular direction to achieve the
same result. In this work we use this last parameterization,
as described in detail in Section 3. Figure 2 shows the direc-
tion and point parameterization, where the ray L is given by
its direction D and its intersection P with the support plane
of circle C. An alternative use of this parameterization by
Todt et al. uses parabolic images to reduce distortion during
rendering [TRSKKOS].

One advantage of these parameterizations with respect to
planar parameterizations is that the latter need several slabs
to enclose the object to model. This produces discontinuities
in the radiance function and noticeable artifacts when the
scene is viewed from viewpoints where more than one slab
is visible at the same time. Furthermore, spherical param-
eterizations present interesting hierarchical multi-resolution
properties.

Another alternative parameterization is surface light
fields [WAA™*00, CBCG02]. This parameterization needs to
obtain a geometric model of the scene to be rendered. This is
afterwards simplified and used as a sampling surface which
closely approximates the object. A similar approach to this
technique is view-dependent texture mapping [DTM96],
where only a small set of sampling directions are used to
capture the appearance of the object modeled.

3. Non-Uniform Spherical Light Fields

We base the model we work with on the spherical light-field
parameterization, due to its multiresolution properties and
the fact that it is defined uniformly on the whole scene vol-
ume. The fact this parameterization is defined in a nearly
uniform manner for all possible viewpoints allows us to ren-
der light fields correctly without severe discontinuities ac-
cross the possible viewpoints. This provides us with the op-
tion to selectively reduce the amount of samples for low in-
terest viewpoints, by allowing an arbitrary degree of discon-
tinuity or correctness as a trade-off for reduced memory re-
quirements and enhanced performance.

3.1. Spherical Light-Field Modeling

Our model is based on the spherical light field defined by the
direction and point parameterization (DPP). To parameterize
a light field according to the DPP, the scene volume is firstly
fit inside a sphere of unit radius. Then, we uniquely charac-
terize each ray by its direction and its intersection point with
a great circle, perpendicular to the ray direction and passing
through the center of the sphere.

With this parameterization we build a discrete representa-
tion of the light field by obtaining a discretization of the set
of pencils located on the surface of the sphere. For this, we
pick a set of pencils, and approximate each of them by the di-
rection passing through the center of the pencil. If we choose
this set of directions so that they match the directions defined
by the lines going from the sphere’s center to the center of
each triangle in a geodesic triangulation of the sphere, we
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obtain a quasi-uniform set of directional samples. This way
each directional sample passes through the center of a trian-
gle and each triangle represents the pencil of directions ap-
proximated by the sample. We can then capture the radiance
associated to each pencil by obtaining an image with an or-
thographic camera. The projection direction is the direction
passing through the center of the triangle. This discretization
allows the use of recursive subdivision of the triangles to ap-
proximate the sphere’s surface with more detail, providing a
simple multiresolution scheme for our representation.

Figure 3: Triangular subdivision of the sphere: white trian-
gles belong to the original icosahedron, gray triangles be-
long to the first subdivision level, and black triangles belong
to the second subdivision level.

Now, before sampling the light field following this pa-
rameterization, we must determine the resolution at which
we perform the sampling. Sampling resolution will be the
product of the directional resolution used, or number of di-
rectional samples, and the spatial resolution, or number of
points sampled for each direction. The number of directional
samples is the same as the number of triangles present in the
discretization of the sphere. For our multiresolution model,
we use 20 directions for the lowest level of detail (LOD),
level 0. They match the number of triangles of an icosa-
hedron. This gives us the coarsest LOD. For higher levels
of detail, we subdivide the icosahedron’s triangles regularly,
generating a hierarchical structure where each subdivision
level is made of a tessellation of the previous one with four
times its number of triangles (see Figure 3). With regard to
spatial resolution, it is given by the resolution of the camera
used in the light-field capture process.

This light-field representation also supports depth correc-
tion. The representation stores both radiance and depth infor-
mation associated to each directional sample. Depth infor-
mation does not need to be very precise as it is only used to
approximate the original geometry. Typically, 8-bit or 16-bit
depth values provide enough precision for depth-supported
rendering [EBA*09, TRSKKO08].

3.2. Uniform Spherical Light-Field Rendering

Rendering of spherical light fields is much simpler than other
geometry-based rendering techniques as it just requires the
drawing of a relatively low amount of textured triangles with
the correct projections and no lighting calculations. This al-
gorithm is a modified version of the original Lumigraph ren-
dering algorithm [GGSC96].
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In our case, the viewing volume is enclosed inside the unit
sphere representing the light field, and both are centered at
the origin. Visible pencils correspond then to the sphere tri-
angles visible in this volume. Correct radiance samples in
the images representing each pencil are shown by comput-
ing the appropriate texture coordinates in each texture. We
do this by projecting each vertex onto the corresponding sup-
port plane of the pencil associated to the triangle. This light-
field rendering algorithm is explained in detail in the paper
by Escriva et al. [EBA*09].

Our sampling scheme allows generating views for any
viewpoint on the unit sphere. The renderings of such mod-
els produce good results if we generate enough samples for
the dataset, typically 1280 directional samples and 256x256
spatial samples. However, spherical light fields may re-
quire a larger amount of samples if depth correction is not
used. When using depth correction, the storage sizes of the
datasets can be reduced to a degree, but they can still remain
large if high rendering detail is desired. In order to work
with such large dataset sizes, the use of memory caching tec-
niques and out-of-core rendering has been proposed, achiev-
ing acceptable results in rendering performance, but at the
cost of extended usage of memory.

3.3. Non-Uniform Spherical Light-Field Modeling

In order to reduce the dataset size and memory usage of
spherical light fields, we propose a simple modification of
the light-field acquisition and rendering processes. As noted
before, spherical light fields are characterized by the unifor-
mity of their sampling scheme. It supports rendering a scene
with the same quality regardless of the viewing parameters.
This uniformity is desirable for rendering scenes, so that the
user is allowed to rotate around the model freely and explore
it without rendering artifacts or changes in the representa-
tion.

However, many times the observation of a scene can be
narrowed to a reduced range of viewpoints, depending on
the specific qualities of the model or the specific goal of the
rendering. A clear example of this situation is the visualiza-
tion of a light field obtained from a statue. In this case there
are two circumstances leading to the use of a reduced num-
ber of viewpoints during observation of the model.

The first one is the absence of samples for parts of
the viewpoint range. If captured from a real world object,
chances are that a set of the light-field samples is difficult
or even impossible to obtain. For instance, the samples in
the bottom hemisphere of a sampled model resting on the
ground, or the samples in the top part of the hemisphere if
the height of the model prevents taking samples of it.

On the other hand, it is possible that a subset of the
viewpoints that could be rendered is, simply, irrelevant. If
we were to generate a light field from the model of a 3D-
digitized statue, the model would still contain a digitized
base or stand, or a flat surface in case the stand was removed
from the 3D model. This surface presents little to no use-
ful information to the viewer, and is most likely not to be
observed when the dataset is rendered.

This same reasoning could be applied to arbitrary sections
of a model if we wanted to focus only on certain parts of it,
and is a determinant factor in the size of a dataset. If we

know in advance which viewpoints require more detail, then
we can distribute samples accordingly and fine-tune both the
spatial and the directional resolutions. The resulting light-
field model will either use less memory or it may store more
detail for selected directional samples.

3.4. Non-Uniform Spherical Light-Field Rendering

In order to implement non-uniform light fields, we need to
generate and store a non-uniform dataset and implement a
modified version of the rendering algorithm of Escriva et
al. [EBA™09]. To do so, we support selecting a different spa-
tial resolution for each directional sample of the dataset, and
storing a non-uniform triangulation hierarchy for directional
sampling. Selecting different spatial resolutions allows us-
ing lower resolution images for low interest regions or, con-
versely, higher resolution images for regions of interest.

Figure 4: Two example views of a non-uniform sphere tes-
selation (regions with pencils with different subdivision lev-
els have been separated for clarity: white: lower resolution
pencils, gray: medium resolution pencils, and black: higher
resolution pencils).

Independent directional resolution will allow us to control
the availability of viewing points. In order to produce differ-
ent directional resolutions for different views, we create a
scene-dependent configuration, where samples are available
only for selected pencils. Using the spherical model and its
hierarchical structure, we produce different refinement levels
for each of the lowest LOD pencils. Starting with the initial
20 directions, we mark the maximum refinement for each of
their associated pencils. That way we avoid taking too many
samples for pencils that do not need them. We only subdivide
the icosahedron’s triangles where higher LODs are needed.
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Figure 5: Two views of the two versions of our test dataset:
Top row, the back of the sculpture has less detail: Top left,
the sculpture at full uniform resolution: note the absence of
artifacts; and top right, the non-uniform dataset showing di-
rectional artifacts (seams) in the image, and positional arti-
facts (pixelation) inthe inset; and bottom row, the front of the
sculpture dataset has more detail and it appears at roughly
the same resolution in the uniform dataset (bottom left, and
the non-uniform dataset (bottom right).

Figure 4 shows two views of an example non-uniform trian-
gulation of the sphere. Figure 5 shows a light field of a statue
modeled using both a uniform and a non-uniform represen-
tation.

Note that our rendering algorithm does not show the
seams present in the tessellation illustrated in Figure 3. In
that Figure neighboring triangles of different resolutions
show seams along their shared edges. Such seams do not
appear in the light-field renderings because the projections
of such triangles onto the renderer’s viewing frustum com-
pletely covers the projection plane without holes or seams.

4. Results

To test our rendering algorithm for non-uniform spherical
light fields, we generated a test dataset with a uniform sub-
division of level 4. The dataset is made of 5120 directional
samples and stores a 512 x 512 pixel image for each direc-
tional sample.

The dataset contains images rendered form a digitized
polygonal model of 1.5 million polygons. It took us 5 days
to render all the images using Blender. The complete light-
field dataset occupies more than 5 gigabytes. To render the
highest LOD of the uniform subdivision at interactive rates
we need to store all the images in main memory (see Fig-
ure 5). That is, we need a computer outfitted with, at least, 6
gigabytes of memory. The model, however, presents a large
flat area at the bottom, as well as few features in the back,
leaving little information of interest in those regions. This
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allows for a non-uniform sampling of the model to lower
the LODs of the regions containing less information. The
regions contaning more information, like the front of the
statue, are stored at higher LODs. A non-uniform rendering
of the model can be seen in Figure 5. It requires roughly 1
gigabyte of memory, thus easily fitting in a computer’s main
memory.

To build the dataset, we decrease the model’s LOD in a
progressive manner, changing from higher LODs at the front
to lower LODs at the bottom and the back of the figure.
The directional resolution varies progressively from level
4 at the front of the statue to level 1 at the back of the
statue. The spatial sampling is also selected in the same
way as the directional samples. Specifically, higher LOD
pencils use 512 x 512 pixel images. Likewise, lower LOD
pencils use 256 x 256 pixel images. This variable multires-
olution representation produces correct results when render-
ing front views. When rendering bottom and back views, ar-
tifacts appear caused by undersampling in regions that do
not contain important features. Artifacts are typically seams
and warping. As for the memory requirements of the non-
uniform dataset, it only uses 932 MBytes instead of the 5120
MBytes of memory space used by the uniform dataset. This
reduces the spatial cost of the representation by a factor of
five and allows storing the entire dataset in main memory,
thus reducing chache misses and disk loads. Our storage pol-
icy, which manages pencil samples hierarchically, simplified
manual generation of the non-uniform representation using
our knowledge of the model’s features.

5. Conclusions and Future Work

In this paper we present a non-uniform subdivision scheme
for storing and rendering spherical light fields. The data can
be generated at different spatial and directional resolutions
depending on the need of detail for the different directional
samples of the light-field model. Furthermore, models with
different non-uniform subsets of directional samples can be
built in cases where it is impossible to acquire all the samples
or there is a large sample subset with little or no interest
to the viewer. In either case our approach can substantially
reduce the storage requirements of the datasets while still
providing good quality renderings.

We obtained the results of this paper manually generating
the non-uniform light-field model. To do so we used subjec-
tive criteria based on our knowledge of the geometric model.
A key goal of our future research is to create an automated
or supervised acquisition process for non-uniform spherical
light fields. We want to determine the relevance of each sam-
ple in a semi-automatic or automatic manner. For each di-
rectional sample, we want to be able to decide whether to
capture or render an image and what resolution to use for
that image. Additionally, we want to explore which criteria
to use to determine whether a sample is worth generating or
not.

Our idea is to use, when possible, both objective and sub-
jective criteria. Objective criteria may for instance be based
on estimations of the complexity of the sampled view. Sub-
jective criteria can be based on test cases of scene obser-
vation by different users, expert opinions about a model’s
features, and remarks made by the creator of the model.

Such a methodology would allow a fine-tuned light-field
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sampling where memory requirements would be minimized,
allowing more rendering detail and increased cache perfor-
mance.
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