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ABSTRACT

A compression scheme is presented that has
been designed to efficiently code light fields.
Based on video compression techniques, the
light field image array is divided into image
blocks. Different block-coding modes have been
devised to exploit redundancy between images
over a wide range of target bit rates. Prediction
from multiple reference images further enhance
coding efficiency. Rate-constrained mode selec-
tion is accomplished by employing Lagrangian
optimization. The coder’s operational rate-
distortion performance is evaluated using differ-
ent light fields. Depending on light-field scene
characteristics and reconstruction quality, com-
pression ratios up to 1000:1 are achieved.

1. INTRODUCTION

Light Field Rendering (LFR) has attracted
much attention since its debut in 1996 [1, 2].
Based solely on conventional 2D images, its ver-
satility and independence from object geome-
try makes LFR an attractive alternative to con-
ventional geometry-based rendering techniques.
LFR, however, requires immense amounts of im-
age data, typically exceeding 1GByte. Data
compression is therefore a vital issue in LFR
for storing, processing and transmission of light
fields.  Vector quantization [1], DCT cod-
ing [3] and transform coding using spherical
functions [4] have been employed to light field
coding, yielding compression ratios less than
30:1.

In this paper a coder for light fields is pre-
sented that exploits intra-image redundancy as
well as similarities between images. The coder
is designed to provide high compression ratios
for a wide range of reconstruction distortion val-
ues. The light field of a real-world object and

two publically available synthetic light fields are
used to verify coding performance. Compression
ratios vary from 80:1 up to 1000:1, depending on
reconstruction quality and light field character-
istics.

2. LIGHT FIELD RENDERING

An illuminated, static object fills the surround-
ing space with light reflected off its surfaces,
establishing the object’s light field [5], also re-
ferred to as its plenoptic function [6]. If the
object’s light field is known, an observer’s vi-
sual impression can be exactly reproduced for
any viewpoint in space (z,y,z) and any view-
ing direction (6, @), as shown in Fig. 1. As light
rays propagate through unobstructed, free space
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Figure 1: An observer stands at position (z,y, z)
and looks along direction (6, ¢): his visual per-
ception is determined by the scene’s light field.
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Rendering a new view from a light field.

Figure 3: Recording a light field in the two-plane parameterization consists of taking a number of
conventional images from regularly spaced positions. Light Field Rendering requires to resample the
image array by calculating the intersection points of viewing rays with the recording plane and the

image plane.

unaltered, the light field’s five degrees of free-
dom (z,y, 2,0, $) can be reduced to four dimen-
sions by suitable parameterization. In [1], the
light field is described by rays of light that in-
tersect two parallel planes, the recording plane
(UV-plane) and the image plane (ST-plane)
(Fig. 2). Each ray is parameterized by its
intersection coordinates (u,v,s,t), establishing
the light field’s four-dimensional data structure.
The planes are regularly sampled at U x V' sam-
pling points in the recording plane and S x T
points in the image plane.

A natural object’s light field can be readily
recorded in the two-plane parameterization us-
ing cameras positioned at the sampling points
in the recording plane: the light field resembles
a 2D array of conventional 2D images (Fig. 3).
To capture an object’s light field from all sides,
6 recording planes are needed to enclose the ob-
ject.

During rendering, rays are traced from the
viewpoint (Fig. 3). The intersection coordinates
with the UV-plane (u, v) and the ST-plane (s, t)
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Figure 2: Two-plane parameterization of the
light field: a viewing ray is parameterized by
its intersection coordinates with the recording
plane (u,v) and the image plane (s, ).

can be swiftly calculated. Because intersection
coordinates do not, in general, coincide with im-
age recording positions, pixels from 4 images
closest to the intersection point (u,v) are inter-
polated to avoid aliasing effects (quadralinear
interpolation).

Rendering quality depends on image plane
resolution (S x T'), as well as on the number of
images taken from the recording plane (U x V).
For example, the Buddha and Dragon light fields
used to evaluate the coder both consist of an ar-
ray of 32 x 32 24-bit RGB images, each contain-
ing 256 x 256 pixels. These 1024 images cover
only one of the six recording planes necessary
for covering the entire scene: light fields must
consist of several thousand images to achieve ac-
ceptable rendering results from all viewing po-
sitions.

To attain high compression ratios, similar-
ities between light-field images have to be ex-
ploited, introducing dependencies among images
during decoding. The coder described in the
following codes a number of light-field images
without reference to other images to enable fast
decoding and rendering at reduced resolution.

3. THE CODER

Prior to coding, the light-field images are trans-
formed to YUV-color space, and the chromi-
nance signal is downsampled by a factor of 2
in both the horizontal and vertical directions.
Light-field compression starts by selecting
a subset of images from the light-field array.
These I-images are solely DCT-coded, as is
common in still-image compression. FEach I-
image can be decoded without reference to other
images, and by selecting I-images evenly dis-



tributed over the entire light-field image array,
the I-images constitute a subsampled represen-
tation of the original data set.

[-images serve as reference images to code
the remaining light-field images, the predicted
or P-images. Several neighboring I-images can
be used to predict a P-image. It was experi-
mentally found that prediction from 4 I-images
yields the best rate-distortion characteristics
(multi-frame prediction [7]). Motion between
light field images is reduced to one dimension,
because the scene is static and image recording
positions are known. Onunly disparity (parallax
motion) has to be compensated.

The P-images are divided into blocks of
16 x 16 pixels. Each block is coded by applying
the most efficient of eight different block-coding
modes:

e INTRA: The block is DCT-coded, i.e.,
without reference to other images (3+x
bits).

e NODISP: a block is copied from one of the
4 T-images without compensating for dis-
parity motion (3+2 bits).

e CLOSEST: a block is copied from the
nearest I-image with no disparity motion
compensation (3 bits).

e AVERAGE: from all 4 I-images, blocks are
averaged without disparity compensation
(3 bits).

e DISP: a disparity-compensated block from
one of the 4 I-images is copied (3+2+1..6
bits; disparity is coded using a fixed Huff-
man table).

e For the AVERAGE, NODISP and DISP
modes, the residual error can addition-
ally be DCT-coded, leading to 3 additional
coding modes (each 3+x bits).

3 bits per block are needed to specify which
mode is used to code a block. Some modes re-
quire additional bits to specify from which of the
4 reference images to compensate, or to code
DCT coefficients. The presented block coding
modes have been chosen because experiments
show that these modes allow efficient coding of
P-image blocks over a wide range of target bit
rates.

Because the block-coding modes have differ-
ent operational rate-distortion characteristics,
the most efficient mode must be found for each
block. The coder adapts to a desired target
bit rate and solves the rate-constrained opti-
mization problem by minimizing the Lagrangian

rate-distortion functional [8]:
'r_nling{Di + AR;}

For each P-image block, all coding modes i =
1,..,8 are considered. The resulting distor-
tions D; and bit rates R; are measured, and the
cost function .J; = D; + AR; is calculated us-
ing a preset and fixed value for the Lagrangian
multiplier A. The Summed Squared Error (SSE)
between original and coded block serves as dis-
tortion measure D;. A block is coded using the
mode that results in the smallest cost value .J;.
The parameter A and the DCT quantizer step-
size parameter () control image reconstruction
quality and compression efficiency. Experimen-
tal results in [8] show that the relationship be-
tween () and A\ can be approximated by

While P-images require much fewer bits than
I-images, overall coding efficiency depends on
the number of I-images distributed over the im-
age array. For a given reconstruction quality pa-
rameter value A, different numbers of I-images
have to be tested to find the optimal I-image
density over the image array.

4. CODING PERFORMANCE

The proposed coder was tested using two syn-
thetic light fields (Dragon, Buddha)' and one
light field of a natural object (Chick). The
Buddha and Dragon light fields both consist of
32 x 32 images of 256 x 256 24-bit RGB pix-
els each, amounting to 192 MBytes. The Chick
light field was recorded by taking 17 x 17 images
using a CCD camera (256 x 256 24-bit RGB pix-
els) on a robot arm, totalling 54 MBytes.

The coder’s rate-distortion curves are de-
picted in Fig. 4. Light-field reconstruction dis-
tortion is measured as the averaged PSNR of the
luminance signal over all light-field images. Dif-
ferent numbers of I-images were tested to find
the best percentage of reference images. Be-
cause the Dragon and Buddha light-field images
are computer-rendered, disparity motion can be
accurately compensated. At 36 dB PSNR aver-
age reconstruction distortion, the Dragon light
field is compressed to 893 kBytes (0.11 bits per
pixel). The Buddha light field is even coded
with 434 kBytes (0.053 bpp) at 40 dB PSNR.

L Available at:
www-graphics.stanford.edu/software/lightpack/lifs.html.
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Figure 4: Rate-Distortion measurements for different I-image densities (I-image density is expressed
as the percentage of I-images to the total number of images in the light field).

The Chick light field is recorded from a nat-
ural object, so camera calibration and record-
ing positions exhibit small inaccuracies. 39 dB
PSNR reconstruction distortion are achieved af-
ter compressing the light field to 140 kBytes
(0.061 bpp), showing that good coding results
are also obtained if recording geometry is not
exactly known.

All light fields show visible quantization and
block artifacts only at the lowest bit rate tested
(A=1000). At the highest tested bit rate (A=10),
compressed light-field images cannot be distin-
guished from the original. Intermediate com-
pression ratios (A=>50,100,500) result in a grad-
ual loss of fine details. Because lowpass filtering
has to be applied during rendering to avoid alias-
ing effects (quadralinear interpolation), the loss
of some high-frequency image components dur-
ing compression does not affect rendering per-
formance.

5. CONCLUSION

A coding scheme for light fields has been pre-
sented that yields compression ratios from 80 : 1
to 1000 :1 at medium to high reconstruction
quality, easing light field storage, transmission
and processing requirements. The coder has
been shown to be applicable to synthetic as well
as natural light-field scenes. Much higher com-
pression ratios than previous light field compres-
sion attempts [1, 3, 4] are attained, at the cost
of a more complex decoding process. Interac-
tive rendering frame rates can still be achieved
from compressed light fields by rendering from
I-images first and refining the rendered view af-
terwards using P-images. Taking increased de-
coding times into account, even higher compres-
sion rates can be achieved by coding light-field
images hierarchically, using disparity maps for
prediction [9].
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