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ABSTRACT
We present a novel plenoptic sampling scheme that permits an effi-
cient representation of the full light ray field in a space limited by
a convex closed surface. We show that a convenient way to sample
the light ray field around an observer consists in using a discrete set
of perspective imagers with overlapping field-of-views that are dis-
tributed on a closed convex surface and looking along the normal
to the surface. Taking inspiration from the vision system of flying
insects, we choose to constrain the cameras on a sphere of finite ra-
dius. Building on spectral analysis we propose a sampling scheme
that permits to reconstruct the spherical light field without aliasing.
We validate our framework through experiments in a synthetic envi-
ronment and we show that our constructive sampling scheme permits
to effectively reconstruct the light field without artifacts.

Index Terms— Plenoptic sampling, Spherical Imaging, omni-
directional imaging, Image based rendering

1. INTRODUCTION

Massive changes in the way we acquire and consume video content
has lead in the last decade to the raise of a new paradigm for the rep-
resentation of 3D scenes, called Image Based Rendering (IBR). In
applications such as 3DTV or free-viewpoint TV the user can choose
the viewpoint and the orientation of the camera. While reconstruct-
ing the full 3D model of a scene is still a technological challenge
under realtime constraints, image based solutions appear promising
as long as the light field is properly sampled to guarantee a given
image quality. The corresponding sampling problem then consists
in finding a good sampling pattern of the light field around the ob-
server.

The concept of light fields for the elaboration of scenes infor-
mation was first devised by Leonardo da Vinci [1]. Further studies
conducted by Adelson and Bergen [2] resulted in the definition of the
plenoptic function as the most complete representation of scene over
time. In the last decade several parametrizations have been proposed
for the plenoptic function: the light field [3] and the lumigraph [4]
are among the most popular ones. In these works a 4D parametriza-
tion of the plenoptic function is proposed under the assumption that
the scene is confined into a cubic bounding box, or, in other words,
each light ray is represented by the intersection with two parallel
planes. One of the biggest advantages of such parametrization lies
in its simple analytic description and efficient implementation. Fur-
thermore in [5] the authors perform a spectral analysis of the light
field signal and show that the support of the signal is bounded by the
minimum and maximum depth of the scene. However, as pointed out
in [6], the use of the representation based on two planes has a ma-
jor drawback: the limited visual angle of the representation. Several
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couples of planes could be used to cover the convex hull of an object,
but then artifacts are visible in the reconstruction at the boundaries.
The authors in [6] refers to this problem as the disparity problem.
To solve the problem they propose to use a spherical surface for
the parametrization of the light field and choose a sampling scheme
based on a polyedra approximation of the spherical surface. While
their approach offers a way to sample uniformly the light field, their
scheme is difficult to apply in practical situations and no clear indi-
cation is provided on the number of samples necessary for a good
rendering. Furthermore a good knowledge of the scene geometry
is required. A rather different approach, called concentric mosaics
[7], consists in capturing the scene with a camera mounted at the
end of a rotating level beam. As the beam rotates regular images
are acquired. This is a 3D representation of the light field, because
the virtual observer can only move inside the circle described by the
rotating beam. The major drawback of this representation is the ver-
tical distortion caused by the lack of vertical samples.

Inspired by the efficient visual system of flying insects we pro-
pose a new 4D sampling scheme of the light field. The common
fly has two faceted eyes composed of several thousands simple sen-
sors called ommatidias [8] that provide plenty of planar overlapping
views of the world. Mimicking the faceted eye concept, a spherical
light field camera can be realized by layering perspective CMOS im-
age sensors over the surface of a spherical structure. One example
of such a camera has been recently introduced in [9], where the au-
thors show that the implementation of such a system is feasible with
current technologies. Since the cameras are placed on a spherical
surface and point outwards, they can capture the light rays coming
from the convex hull of the scene around, similarly to concentric
mosaic or panoramic video systems.

The sphere is a closed convex surface with constant curvature, so
it permits a complete angular coverage while keeping a simple topol-
ogy. One direct consequence is that it can be efficiently parametrized
in spherical coordinates, using only the zenithal and azimuthal angle.
Assuming that the air is transparent and there is no radial fall-off of
the light intensity, we propose a 4D representation of the light field
based on a two-sphere parametrization of the plenoptic function. We
also develop a spectral analysis of the captured light field assuming
that the scene is at constant depth from the center of the sphere and
propose a constructive sampling strategy that guarantees the absence
of aliasing during the reconstruction of the visual scene. We finally
validate our framework with experiments in a synthetic environment.

The paper is organized as follows: In Section 2 we describe the
proposed light field parametrization and the scene modeling. In Sec-
tion 3 we find an optimal sampling scheme based on the spectral
analysis of the plenoptic function. In Section 4 we test the proposed
scheme in a synthetic environment.



2. LIGHT FIELD PARAMETRIZATION

The plenoptic function L(x, ω, t, λ), is the function that represents
the intensity (or radiance) that a perfect observer inside a given 3-
D scene would record at any position x ∈ R3, direction ω ∈ S2,
assuming no attenuation of light intensity in free space, time t and
wavelength λ. In the rest of the paper, for simplicity of notation and
without loss of generality, we will drop the temporal variable t and
the variable λ, assuming that we acquire a grayscale image. Let us
consider a convex surface layered with a discrete set of pinhole cam-
eras. Assuming an ideal behavior of the cameras, i.e., they sample
correctly the light information passing through their focal point, it is
not difficult to show that if the convex surface contains a sufficient
number of pinhole cameras, the system is an ideal plenoptic sampler,
meaning that we can reconstruct the plenoptic function anywhere in
the space delimitated by the surface. In the rest of the paper we
assume that the convex surface is a sphere. We assume to have N
pinhole cameras distributed around the surface of a sphere of radius
R in positions xi. Each camera i can capture light in all the direc-
tions ω up to a maximum angle of αi with the surface normal in xi.
The angle αi is a parameter of the problem and must be in the range
αi ∈ [0, π/2]. Such a choice for the field-of-view (FOV) of the cam-
eras, together with the assumption of the convexity of the imaging
surface, exclude the possibility of self-visual-occlusions. The full set
of directions that each pinhole camera is able to acquire are thus con-
tained in the positive half space defined by the tangent plane of the
surface in the point xi. Since we are working on the sphere a natural
choice is to work in spherical coordinates. A point on the spherical
camera surface is then parametrized as x = (φx, θx, R), while a di-
rection by ω = (φω, θω) as shown in Fig. 1. In the following we will
assume that the coordinates are with respect to a common reference
system.
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Fig. 1. Schematic representation of the chosen parametrization of
the plenoptic function.

3. SPECTRAL ANALYSIS

We propose now a spectral analysis of the plenoptic function
parametrized as described in Section 2. We start from [5] but
we extend its results to a more general sampling scheme. In [5]
the authors assume that the cameras are placed on a plane, so the
sampling of plenoptic function is only extended to half of the full
3D space. We generalize their results by using a spherical camera
surface. The reader can easily see that a plane can be seen as a
degenerated sphere with infinite curvature.
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Fig. 2. Geometrical relationship between angular disparities.

The spectrum of the captured light field is given by the spherical
harmonics expansion with coefficients L given by:

L(mx, lx,mω, lω) =

∫
S2

dΩ(φx, θx)Ylxmx(φx, θx)∫
S2

dΩ(φω, θω)L(φx, θx, φω, θω)Ylωmω (φω, θω)

(1)

The spectrum on the sphere is discrete because it is defined on a
closed domain. If we discretize the sphere using an equiangular grid,
we can use the theorem from Driscoll and Healy [10]. It tells us
that, if the function is bandlimited at (Lω, Lx) then we can calculate
exactly the spherical harmonic coefficients using the available light
field samples as long as their number is sufficiently high. The ex-
pression in Eq. 1 is very complex to use directly for deriving good
sampling strategies. We will therefore first try to derive some ge-
ometrical relationships to estimate some bounds depending on the
depth of the scene.

With reference to Fig. 2 we derive the following geometric rela-
tionship on a φ = constant plane:

∆θ′ω = sin−1

(
R

Z(θ′x, θ′ω)
sin γ

)
(2)

∆θ′′ω = sin−1

(
R

Z(θ′′x, θ′′ω)
sin (∆θx − γ)

)
(3)

∆θω = ∆θ′ω + ∆θ′′ω = sin−1

(
R

Z(θ′x, θ′ω)
sin γ

)
+

sin−1

(
R

Z(θ′′x, θ′′ω)
sin (∆θx − γ)

)
.

(4)

This relates the depth of the scene Z(θx, θω) to the angular dispar-
ity ∆θω and ∆θx. In the equation the auxiliary variable γ is the
direction of the light ray coming straight from the scene to the cen-
ter of the sphere. Similar relationships are more complicated in the
θ = constant plane since we have to consider the dependency on
θx and θω:

∆φω = ∆φ′ω + ∆φ′′ω = sin−1

(
R sin θx

Z(φ′x, φ′ω) sin θω
sin γ

)
+

sin−1

(
R sin θx

Z(φ′′x, φ′′ω) sin θω
sin (∆φx − γ)

)
.

(5)

This equation relates the depth of the sceneZ(φx, φω) to the angular
disparity ∆φω and ∆φx.

The equations (2) to (5) show a non linear relationship between
the disparities, the radius of the spherical camera surface and the



distance to the scene. The use of these geometrical relationships in
the analysis of the optimal plenoptic sampling is not straightforward,
since they do not simplify the expression of the integral in Eq. (1).

To linearize equation Eq. (5) we assume that Z(φ′′x, φ
′′
ω) '

Z(γ, γ) and Z(φ′x, φ
′
ω) ' Z(γ, γ) which is an approximation with

an error of 2% if Z > 3R or, equivalently, if the field of view of
each camera is small. The expression then simplify into:

∆φω =
R sin θx

Z(γ, γ) sin θω
∆φx (6)

Similarly, for Eq. (2) we will have:

∆θω =
R

Z(γ, γ)
∆θx (7)

We now derive the spectrum support for a simple scene at constant
depth from the camera surface, i.e. we take Z(γ, γ) = z0.

On a spherical domain the best representation of the light field
would be obtained using spherical harmonics with the coefficient ex-
pressed in Eq. (1). Since we already made the assumption of small
FOV we can, in fact, use the classic Fourier analysis where the com-
plex exponentials will be a fairly good basis for the light field. In
other words, since we do not integrate over all the sphere, due to the
FOV assumption, we can locally approximate the sphere with its tan-
gent plane. We can further notice that, if we perform the following
bijective mapping:

sω(φω, θω) = φω sin θω (8)
sx(φx, θx) = φx sin θx (9)

which describe the arc lengths sω and sω on the sphere, then Eq. (6)
simplify as ∆sω = R

Z(γ,γ)
∆sφ. In practice the previous mapping

introduces the elements of the metric tensor on the sphere, sin θω
and sin θx, inside the parametrization such that for small variations
of θ and φ, ∆s and ∆θ represent the coordinates of an orthonormal
basis on the tangent plane.

Let us assume that the scene is lambertian, i.e., it reflects light
isotropically. If we take as reference camera the one in (φx =
0, θx = θ̄x) and we use the lambertian property of the scene we can
writeLs(sx, θx, sω, θω) = Ls(0, θ̄x, sω+ R

z0
sx, θω+ R

z0
(θ̄x−θx)),

where Ls(sx, θx, sω, θω) = L(φx, θx, φω, θω). The Fourier trans-
form of the light field generated by a scene at constant depth is:

L(Ωsx ,Ωθx ,Ωsω ,Ωθω ) =

∫
dθωe

−jΩθω θω
∫
dsωe

−jΩsω sω∫
dsx

∫
dθxLs(sx, θx, sω, θω)e−jΩsxsxe−jΩθxθx =∫

dθωe
−jΩθω θω

∫
dsωe

−jΩsω sωLs(0, θ̄x, sω, θω)e
−j R

z0
θ̄x∫

dsxe
−j(Ωsx+ R

z0
Ωsω )sx

∫
dθxe

−j(Ωθx+ R
z0

Ωθω )θx =

= F{Ls(0, θ̄x, θω, φω)}e−j
R
z0
θ̄xδ(Ωθx +

R

z0
Ωθω )

δ(Ωsx +
R

z0
Ωsω )

(10)

The analysis in Eq.(10) neglects the windowing effect due to a non-
infinite domain of integration under the assumption (common in the
literature [5, 11]) that is negligible. What emerges is that, if we
consider a slice of the spectrum on the plane (Ωsx ,Ωsω ), we observe

that the spectrum is constrained on a family of lines given by Ωsx +
R
z0

Ωsω = 0 (and similarly Ωθx + R
z0

Ωθω = 0), whose slope depends
on the ratio R/z0. A similar results was obtained with a different
procedure in [11] but only applied to concentric mosaics.

Using the methodology defined in [5], assuming a regular sam-
pling of the light field and that the scene is confined between two
spheres at distances zmin and zmax, we find that to avoid aliasing
of the spectral replicas the following sampling condition must be re-
spected for θx:

∆θx ≤
2∆θω

R( 1
zmin

− 1
zmax

)
(11)

a similarly for sx:

∆sx ≤
2∆sω

R( 1
zmin

− 1
zmax

)
(12)

For the details of the derivations we refer to [5].

4. EXPERIMENTAL RESULTS

In this section we present some experimental results to test the sam-
pling conditions given in Eq. (11) and Eq. (12). We simulate an
hemispherical arrangement of cameras, looking outwards along the
normal to the surface, inside the 3D modeling environment Blender.
Each camera has a planar sensor with a resolution of 360x270 pix-
els and an horizontal field of view of π/3. We use a regular spatial
sampling ∆sx = ∆θx = π/12. To distribute the cameras over
the hemisphere we start by subdividing the hemisphere into 6 lay-
ers identified by the positions θkx = π/12 ∗ k with k = 1, 2, ..., 6.
In each layer we position an equally distributed number of cameras

given by Nk = b 2π

π/12
sin θkxc for a total number of 100 cameras.

We place the hemispherical arrangement approximatively in the mid-
dle of a living room of size 20x20x3.

To show the aliasing effect due to an insufficient sampling we
reconstruct the view of a virtual observer in the center of the hemi-
spherical surface containing the cameras as shown in Fig. 3. For sim-
plicity of visualization the output image is represented on an equian-
gular grid of size 2048x563, for an equivalent angular resolution of
π/1024 which is similar to the one of the planar cameras. In fact,
the image has been calculated on the ”irregular” grid, similar to the
one we use to position the cameras, and the missing points on the
equiangular grid are obtained by interpolation for display purpose
only. In other words, the proposed scheme permits to save roughly
30% of computational time by reducing the number of samples con-
tained into an equiangular grid.

It is out of the scope of the paper to address the reconstruction
algorithm used to interpolate the light field, and we plan to address
this topic in future works. For the purpose of this analysis we can
say that the images are reconstructed in a two step process: first each
camera image is focused at a given distance and remapped on the
output irregular grid. Once the images are remapped on a common
reference system and easy to access the output image is obtained by
filtering. In this paper we used a large aperture filter to render the
images.

In Fig. 3 we show two different renderings obtained by varying
the radius R of the hemisphere. In both cases the system is focused
on the close chair which is visible on the bottom in the right lower
third, which is at a distance of about 5. In the top image we used
a radius R = 0.2 which respect the sampling conditions defined in
Eq. (11) and Eq. (12), while in the bottom image we used a bigger ra-
dius R = 0.5 and the conditions are not respected anymore. We can



Fig. 3. Reconstruction results with focus plane on the closest object, the chair on the bottom right of the image. Top: the sampling conditions
are respected. Bottom: the sampling conditions are not respected and artifacts in the form of double lines are visible in the image.

clearly see that when we use R = 0.5 visually disturbing aliasing
effects appear in the image in the form of double lines.

5. CONCLUSIONS

We propose a novel spherical 4D light field sampling scheme. We
choose a two sphere parametrization of the plenoptic function where
each light ray is described by the intersection with two concentric
spheres. Using spherical coordinates and small FOV approxima-
tions we perform a spectral analysis of the light field assuming that
the scene is at a given distance from the center of the sphere. The
proposed sampling scheme is tested in a synthetic environment and
the results show that the reconstructions are free from aliasing if the
proposed sampling conditions are respected.
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