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Abstract

The paper presents a progressive light-�eld
coding scheme based on four-dimensional
wavelet decomposition. At 100:1 compres-
sion, reconstructed light-�eld images are vi-
sually indistinguishable from the original im-
ages, enabling even large light-�eld data sets
to �t into local memory. Progressive decod-
ing allows continuous adjustment of rendering
quality to available computational resources.
The proposed scheme is validated using two
well-known light �elds. Rendered image qual-
ity remains acceptable even if less than one
thousandth of the original light-�eld informa-
tion is decoded.

1 Introduction

Photorealistic rendering results as well as
scene-independent rendering performance are
very attractive advantages of Light Field Ren-
dering (LFR) over conventional geometry-
based rendering techniques. Since LFR was
proposed in 1996 [1, 2], however, two funda-
mental obstacles to widespread use of LFR
remain unsolved: tremendous amounts of im-
age data need to be stored and transmitted
to achieve convincing rendering results, and
software-based LFR is computationally very
demanding, currently restricting interactive

LFR to high-end graphics workstations.
To overcome the former problem, a num-

ber of coding techniques have been applied
to light-�eld compression. Vector quantiza-
tion features very fast decoding of random
image segments, enabling interactive decod-
ing and rendering rates. Coding eÆciency,
on the other hand, is low, yielding less than
35:1 compression at moderate reconstruction
results [3]. Compression ratios up to 200:1
are attainable only if vector quantization is
followed by entropy coding, sacri�cing fast ac-
cess to arbitrary data segments and thus los-
ing interactivity [1].
Several transform coding techniques have

been applied to light-�eld compression. At
signi�cantly higher decoding complexity than
vector quantization, the block-based discrete
cosine transform, adopted from still-image
compression, achieves comparably low 20:1
compression [4], as do spherical harmonic
functions [5]. Recent investigations into
wavelet-coding of light �elds [6, 7] show
promise with regard to time-critical decoding,
yet so far compression factors of only � 20 : 1
have been achieved.
Because light �elds depict static 3-D scenes,

much higher compression is attainable if sim-
ilarities between light-�eld images are ex-
ploited. Compression ratios exceeding 1000:1
are obtained if disparity-compensating coding
schemes are employed [8, 9]. High compres-



sion is desireable, e.g., for light-�eld transmis-
sion over the Internet. Exploitation of inter-
image similarities, however, introduces mul-
tiple dependencies among light-�eld images,
preventing immediate access to arbitrary data
segments during decoding.

The wavelet-based coding scheme presented
in this paper o�ers a solution to both prob-
lems: the codec achieves high compression
to allow even large light �elds to �t into lo-
cal memory, and, in addition, it also features
progressive decoding and rendering which en-
ables trading rendering speed vs. image qual-
ity, making possible continuous adjustments
to changing computational resources. Fast
random access to arbitrary data segments is
ensured by doing without image prediction,
avoiding dependencies among light-�eld im-
ages.

The paper is organized as follows. In the
next section, we describe the wavelet-based
decomposition of the light �eld into frequency
subbands. We go on to explain how wavelet
coeÆcients are eÆciently coded in order of im-
portance. After describing progressive decod-
ing and rendering, the scheme is validated us-
ing the publicly available Buddha and Dragon

light �elds.

2 4-Dimensional Wavelet

Decomposition

As light �elds are composed of multiple im-
ages, standard still-image coding techniques
can directly be employed to light-�eld com-
pression, yielding comparable compression ra-
tios [1, 4]. Wavelet-based image coding of-
fers an attractive alternative to common DCT
or vector quantization schemes by featuring
image reconstruction at di�erent levels of de-
tail [10, 11]. For light-�eld compression, much
higher coding eÆciency can be expected by
exploiting pixel correlation not only within
single images but also between di�erent light-
�eld images. Wavelet-based image coding
can be straightforwardly extended to higher-
dimensional data structures: a 4-D wavelet-

Figure 1: Composition of pixels from all
32� 32 images of the Dragon light �eld at co-
ordinate s; t = 128: pixel colors vary gently,
indicating high correlation along the U and V

direction.

based light-�eld coding scheme is presented,
featuring high compression as well as progres-
sive decoding.

In the following, we adopt the nomencla-
ture used in [1], with u and v specifying an
image of the array, while s and t denote pixel
position within an image. U , V , S and T

are then mutually orthogonal directions, ex-
pressing the light �eld's four-dimensional data
structure.

The light �eld exhibits statistical proper-
ties very similar to conventional 2-D images.
Adjacent light-�eld pixels are highly corre-
lated not only within single light-�eld im-
ages (dimensions S, T ), but also between
neighboring images (U , V ), Fig. 1. To ex-
ploit pixel correlation in all 4 directions, the
light �eld is wavelet-transformed along the
S, T , U and V dimension separately apply-
ing a one-dimensional wavelet kernel adopted
from [11] with a support of 8. The light
�eld is hierarchically decomposited into fre-
quency subbands, Fig. 2. The obtained four-
dimensional wavelet coeÆcient array consti-
tutes a multi-resolution representation of the
light �eld. During decoding and rendering,
the displayed level of detail can be adjusted by
back-transforming only low-frequency wavelet
coeÆcients. The number of wavelet trans-



Figure 2: 2-dimensional subband decompo-
sition of a single Dragon light-�eld image
(decomposition along S,T ). The wavelet-
coeÆcient array resembles a multi-resolution
pyramid, with lowest image resolution in the
upper left corner. Similarities between di�er-
ent subbands are obvious, and coeÆcient en-
ergy decreases from low to high spatial fre-
quencies. These general properties are ex-
ploited to eÆciently code the wavelet coeÆ-
cient array in order of descending coeÆcient
magnitude. For light-�eld coding, the data is
subband-decomposed also along the U and V

directions. The resulting 4-D coeÆcient array
exhibits the same general properties as the de-
picted 2-D case.

forms is further reduced if only coeÆcients
contributing to the rendered view are re-
garded.

For storage and transmission, the 4-D
wavelet representation of the light �eld must
be compressed. The Set Partitioning in Hi-

erarchical Trees (SPIHT) algorithm [11] of-
fers an eÆcient scheme for coding wavelet
coeÆcients, developed for conventional 2-D
still-image compression. Compression rates
are comparable to other state-of-the-art cod-
ing techniques. The SPIHT algorithm codes
wavelet coeÆcients in order of importance:
large-magnitude coeÆcients are coded early
on, while small coeÆcient values are regarded
later in the bitstream. Reconstructed coeÆ-
cient values are �rst coarsely initialized and
gradually re�ned as bitstream decoding con-

tinues. Correlations between wavelet coeÆ-
cients in di�erent frequency subbands are ex-
ploited to code the positional arrangement of
the magnitude-ordered coeÆcients.

We extend the SPIHT algorithm to be capa-
ble of coding the light �eld's four-dimensional
wavelet representation, exploiting coeÆcient
correlations among subbands along all 4 direc-
tions. The wavelet coeÆcients are coded pro-
gressively and in descending order of magni-
tude, preserving in our new 4D-Wavelet codec
the conventional SPIHT-algorithm's advan-
tages.

3 Progressive Decoding

For rendering, the bitstream is loaded into lo-
cal memory. While the bitstream is sequen-
tially decoded, only wavelet coeÆcients con-
tributing to the rendered image are recon-
structed. Image resolution can be taken into
account by neglecting high-frequency coeÆ-
cients expressing details smaller than pixel
resolution, adjusting the rendered image's
level of detail. Progressive decoding features
coeÆcient reconstruction and re�nement in
order of greatest impact on rendering qual-
ity, allowing continuous adjustment of render-
ing quality vs. decoding time. With regard
to rendering frame rate, decoding can be in-
terrupted at any time. Aliasing artifacts are
avoided as the inverse wavelet transform au-
tomatically interpolates inter-pixel intensity
values.

Fig. 3 depicts progressively reconstructed
light-�eld views. Image quality increases con-
tinuously with the number of bits decoded.
While the view point is moving, images can be
rendered at higher frame rate and somewhat
lower resolution. During stand-still, high-
quality images are rendered. Rendering qual-
ity can also be adjusted with regard to avail-
able computational power, yielding optimum
results on fast hardware, but also providing
interactive rendering rates on low-end com-
puters.
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(4000:1 compression)
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Figure 3: Progressive light-�eld decoding: image quality improves continuously during bit-
stream decoding. At 100:1 compression ratio, the reconstructed images are indistinguishable
from the original images.

4 Coding Performance

The proposed light-�eld coding and rendering
scheme is validated using two publicly avail-
able light �elds1. The Buddha and Dragon

test data sets consist of 32 � 32 24-bit RGB
images with 256 � 256 pixels. The R, G and
B channels are separately coded. Light-�eld
reconstruction quality is measured using the
Peak-Signal-to-Noise Ratio (PSNR) between
the original and the reconstructed light-�eld
by averaging over the 3 color channels of all
images. Compression eÆciency is expressed
as the number of coding bits divided by the
number of pixels in the light �eld S�T�U�V

(bits per pixel).
Both light �elds are coded at 0.24 bits

per pixel, equivalent to 100:1 initial data
compression. The bitstream is progressively
decoded, and the reconstruction quality is
measured for di�erent bit-rates. Fig. 4 de-
picts coding performance for both light �elds.
For comparison, compression results of the

1Available at:
www-graphics.standford.edu/software/lightpack/lifs.html

disparity-compensating codec are shown [8].
Wavelet-based coding is not quite as eÆcient
as disparity-compensated compression, espe-
cially at higher bit-rates. This is not sur-
prising as the presented coder doesn't correct
for parallax-induced di�erences between im-
ages. The 4D-Wavelet coder, however, does
not introduce dependencies among light-�eld
images which allows faster access to arbitrary
light-�eld segments during decoding.
The Buddha light �eld is more eÆciently

compressed than the Dragon data set, in-
dicating that coding eÆciency is dependent
on light-�eld scene content. The Dragon

object shows more small-scale details than
the Buddha statue, resulting in more high-
frequency wavelet coeÆcients to be coded for
high-quality reconstruction.

5 Discussion and Future

Work

A combined coding and rendering scheme for
light �elds has been presented. Compression
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Figure 4: Coding performance for the light
�elds Buddha and Dragon. For compar-
ison, compression results of the disparity-
compensating codec [8] are depicted.

ratios exceeding 1000:1 are achieved at ac-
ceptable rendering quality. Progressive decod-
ing allows continuous adjustment of rendering
quality vs. frame rate.

The presented scheme can be easily ex-
tended to even higher-dimensional data struc-
tures. Time-varying light-�eld scenes or mul-
tiple light �eld recordings under changing il-
lumination conditions, capturing bidirectional
reectance distributions (BRDF), can be eÆ-
ciently compressed, transmitted, stored and
rendered by a suitably adapted version of the
proposed 4D-Wavelet coder.

Light �elds will �nd their way into Internet
commercials, computer games, and 3-D tele-
vision once attractive LFR becomes available
on standard home computers. The ability to
handle large light-�eld data sets in conjunc-
tion with adjustable rendering quality paves
the way towards light-�eld rendering on stan-
dard hardware equipment.
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