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ABSTRACT

Image-based rendering (IBR} and lightfield rendering
(LFR) technigues aim to represent a 3D real-world environ-
ment by densely sampling it through a set of fixed viewpoint
cameras. Remote digital walkthroughs of the 3D environ-
ment are facilitated by synthesizing novel viewpoints from
the captured view-set. The large amount of data generated
by the dense capture process makes the use of compression
imperative for practical IBR/LFR systems. In the present
paper, we consider the design of compression techniques
for streaming of IBR data to remote viewers. The key con-
straints that a compression algorithm for IBR streaming is
required to satisfy, are those of random access for interactiv-
ity, and precompression. We propose a compression algo-
rithm based on the use of coset codes for this purpose, The
proposed algorithm employs H.264 source compression in
conjunction with LDPC coset codes to precompress the IBR
data. Appropriate coset information is transmitted to the re-
mote viewers to allow interactive view generation. Results
indicate that the proposed compression algorithm provides
goed compression efficiency, while allowing client interac-
tivity and server precompression.

1. INTRODUCTION

Digital walkthroughs of remote 3D real-world environments
find applications in fields such as remote surveillance, video
conferencing and virtual malls/museurns. The remote user
typically controls a virtual viewpoint which he/she changes
in the 3D environment creating a trajectory along which
the scene can be continuously televiewed as a series of 2D
views, A key challenge is to represent the 3D environment
using as few parameters as possible, so as to minimize the
_amount of information that needs to be transmitted to allow
the user to teleview the scene from any arbitrary viewpoint.

A traditional approach to this problem has been to param-
cterize the geometrical and reflectance characteristics of the
constituent objects of the 3D scene and use these param-
eters in conjunction with appropriate illumination models
to represent the 3D scene. Then, these parameters can be
appropriately transformed to synthesize the 2D view of the
scene from an arbitrary viewpoint. Examples of such ap-
proaches can be found in [1, 2, 3]. However, finding a set

0-7803-8104-1/03/$17.00 ©2003 IEEE

830

of geometrical and reflectance parameters that can charac-
terize an arbitrary 3D scene photo-realistically has proven
to be a difficult problem to solve.

An alternative class of approaches for this problem,
which has emerged during the last decade, is that of
image-based rendering (IBR) or lightfield rendering (LFR)
[4, 5]. In these approaches, the 3D scene is imaged us-
ing a fixed set of camera positions. As the user-viewpoint
changes dynamically, the required views are synthesized di-
rectly as transformations of the captured image set, denoted
{Ci}ieq1,...,n}- The two key steps in an IBR system, as
shown in Fig. 1, are (1) Representation of the real-world
environment by densely sampling the plenoptic function
through the captured image set {C;}, and (2) Virtual-view
generation i.e. synthesis of a novel view, based on the de-
sired user-viewpoint, by appropriately transforming the cap-
tured images.

In the present paper, we consider the design of com-
pression techniques for streaming of 1BR data to remote
viewers, Fig. 2 shows the scenario under consideration.
The IBR representation, in the form of the captured views
{Ci}ie{l,..‘,n]a is stored at a central server, and the view-
ers are located at remote clients separated from the server
through a network. As we shall see, a compression algo-
rithm for IBR streaming is required to satisfy the conflicting
constraints of allowing random access for interactive view-
ing, while allowing precompression of the captured data.
These constraints can be satisfied by independently coding
the captured images, for instance, but independent coding is
wasteful in terms of coding efficiency.

In this work, we present the design of a compression al-
gorithm for streaming IBR data, which allows random ac-
cess and precompression without sacrificing compression
efficiency. We show that the problem of compression for
IBR streaming belongs to the class of problems which can
be formulated as variants of the Wyner-Ziv decoder side-
information problem in information theory [6]. The pro-
posed compression framnework employs H.264 source com-
pression in conjunction with LDPC coset codes to precom-
press the IBR data. Appropriate coset information is trans-
mitted to the clients to allow interactive view generation. To
illustrate the efficacy of the proposed approach, we present



compression performance results for streaming of the stan-
dard Dragon lightfield, and the standard Tsukuba multi-
view sterec set. The proposed precompression algorithm
is shown to significantly outperform independent coding in
terms of rate-distortion (R-D) performance, and is shown to
be within 1-2.5 dB of the compression performance achiev-
able with on-the-fly compression.

Camera Plane

< Camera Location —= Virtual Trajectory

Fig. 1. Simplified IBR system under consideration, The
cameras are setup as a 2D planar array, with optical axis
perpendicular to the camera plane. The camera locations tri-
angulate the view-plane. Synthesis of virtual view V, along

the desired user trajectory, is done using the triangle vertices
C1,Co,Cs.
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Fig. 2. IBR streaming scenario under consideration, The
IBR representation is stored at the server. The viewers are
located at remote clients, and virtual-view generation is per-
formed at the clients. The clients communicate the desired
usert trajectories to the server, which responds with appro-
priate captured views.

2. PROBLEM DEFINITION

We consider the problem of compression for the simplified
IBR system shown in 1. The cameras are setup in a 2-D
coplanar array, with the optical axes of the cameras aligned
perpendicular to the camera plane. The set of camera views
is denoted as {C(z:,4i)}ieq1,....n}, Where C(zy,y;) de-
notes the view captured by the camera with optical centre
located at the location (2, %)} on the camera plane. In the
sequel we simplify the notation by denoting C(z;, y;) as C;.
As shown in Fig. 1, the set of camera views {C;} defines
a triangulation of the camera plane. We denote the set of
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indices of the three camera views constituting the vertices
of the triangle enclosing a point on the camera plane with
coordinates {z;, 1), as A(Tz, ¥i).

A given virtual trajectory traversed by a viewer, denoted
T, requires the generation of a sequence of virtual views
[Vi] = V=, 3:)) for virtual camera centers (z;,%;) on
the camera plane. As shown in Fig. 1, we assume for the
sake of simplicity that a virtual view V; is synthesized by
transforming the camera views which constitute the vertices
of the triangle in which the virtual camera center lies i.e,
Vi = fo(Cy,,Ci,Ci,) where f(-,-, -} is an appropriate
synthesis function, and 41,43, i3 € A(zx;,y;). This simpli-
fied 1BR system constrains the allowed virtual viewpoints,
and the quality of the synthesized virtual views. However,
the proposed compression algorithm can be easily extended
to more complicated representations and synthesis func-
tions.

We consider the problem of compression for the stream-
ing scenario shown in Fig. 2. The representation {C;} is
stored at the central server. Multiple viewers are located
at remote clients Uy, ..., Uy,. A given client 4 dynami-
cally informs the server of the virtual trajectory the viewer
wishes to traverse, Tx = [(%k.¢,¥k,e}]. The server, in re-
sponse, transmits a sequence of camera views with indices
S = {iy], with ¢, € A(Tkz. Yr,e), such that the viewer can
synthesize the desired trajectory. In the sequel, we denote
the tt* element of the sequence S by S{(t). Note that the
process of virtual-view generation occurs at the client.

The desired virtual trajectory for a_given client, thus de-
fines the sequence S in which the camera views are to be
transmitted to the client. Compression for IBR streaming
implies the compression of the transmitted view sequence
S, prior to transmission to the client. The two chief con-
straints required to be satisfied by the compression algo-
rithm are that it should prowde mteractivity and precom-
pression. The requirement of interactivity stems from the
real-time nature of the virtual walk-through process—the
client can dynamically change the desired virtual trajectory.
This constraint implies that the view sequence to be trans-
mitted can only be known during transmission. The require-
ment of precompression implies that the camera view-set ¥
is required to be compressed completely, prior fo transmis-
sion. This is because, in a typical remote IBR application,
there are expected to be a large number of clients interact-
ing with the server at any given time. This makes it com-
putationally infeasible for the server to perform real-time,
on-the-fly compression of the transmitted view sequence for
each individual client.

We now evaluate the suitability of conventional IBR com-
pression approaches for the problem of IBR streaming. The
simplest coding methodology is to independently compress
each camera view during precompression. This allows in-
teractivity since, during transmission, the server can trans-



mit each compressed camera view as and when it is re-
quired by the remote viewer. However, independent coding
does not remove the large amount of inter-view redundancy
which results from the dense sampling of the real-world en-
vironment, and hence provides poor compression efficiency.
At the other extreme are approaches that seek to completely
eliminate the IBR inter-view redundancy, through the use
of hierarchical coding of the view-set [5, 8], or through the
use of multi-dimensional transform ceding [9]. These ap-
proaches provide good compression performance, but they
do so at the expense of interactivity. This is because these
approaches introduce decoding dependencies between mul-
tiple views in the IBR view-set, random access of individ-
ual view-data, required for interactive client trajectories, is
severely constrained.

An alternative is to use predictive coding to compress
the transmitted view sequence 5. Conventional predic-
tive coding encodes each source symbol with respect to
previously encoded symbols. Thus, for the case of IBR
streaming, conventional one-step predictive. coding would
require the transmission of the innovation sequence 7
CS(t) - E[Cs(t)[Cs(t 1y] at transmission instant ¢, where

Ck denotes the client reconstruction of the camera view C}.,
and E[-] denotes the expectation operator. The client de-
coder would then reconstruct the required camera view as
CS(t) =7+ EECS(t)ICS(t 1)}, where 7y denotes the re-
ceived innovation sequence at the decoder. The key prob-
lem encountered in using conventional predictive coding for
IBR streaming is that the trajectory uptil transmission in-
stant (¢ — 1) should be known prior to the process of com-
pression, since the generation of the innovation symbol 7,
requires knowledge of the decoder predictor ég(f_l). This
conflicts with the requirement of precompression, which
dictates that the server compress the view-set information
before the trajectory is known. To see the extent of this
problem, we note that the decoder reconstruction at time
instant ¢ is a function of the decoder predictor 6'5(t_ 1)» be-
cause 7y # T, in general, because of lossy source coding,
Thus the cardinality of the set of potential predictors for a
given camera view, during precompression, is of the same
order as the cardinality of the set of possible view-set se-
quences culminating in the transmission of the camera view.
This makes precompression using predictive coding infea-
sible.

The goal of the present paper is to present the design of
a compression algorithm for IBR streaming that provides
good compression efficiency while satisfying the require-
ments of precompression and interactivity.

3. PROPOSED COMPRESSION METHODOLOGY

In this section we show how the problem of compression
for IBR streaming can be formulated as a decoder side-
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information problem. We briefly describe the architecture
of the proposed encoder for precompression of the view-set
data at the server.

3.1. Decoder side-information formulation

Camera View
C. R |
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Encoder

Source
Coder

O

Precompression I

Decoder predictor Transmission
p£.1
reconstruction Coset transmit
c Decoder coset bits

i

Fig. 3. Precompression and transmission of IBR camera
view C; usmg coset codes. For trajectory-independent re-
construction C’ C;.

Consider the communication of a A7-dimensional source
with memory, {X;}32,, X; € R, using one-step predic-
tive coding. Given the decoder reconstruction of source
symbol X,_; (denoted X 1), the encoder communicates
X, by transmitting the innovation Tj, = X — [Xk|XkA1}.
Now consider the case where the deceder reconstruction
X1 belongs to a reconstruction set Ry, and consider that
the encoder has knowledge of R, but not of )?k_l, while
encoding source symbot X ;.. We denote this scenario as
predictive coding with one of a multiplicity of predictors.
As we have shown previously, this scenario is of interest in
several practical video coding applications including multi-
ple description coding [10] and joint source-channel coding
[11]. This scenaric can be formulated as a variant of the
Wyner-Ziv decoder side-information paradigm in informa-
tion theory, with the predictor X_; serving as the side-
information which is available only to the decoder. Accord-
ingly, code constructions based on coset codes, analogous
to the classical information-theoretic constructions for the
Wyner-Ziv problem, can be used for predictive coding in
this scenario [6].

The problem of compression for IBR streaming can be
formulated as one of predictive coding with one of a multi-
plicity of predicters as follows. The source word to be en-
coded is the camera view C; which is to be compressed dur-
ing precompression. The teconstruction set consists of all
possible decoder predictors, R; = {Coi i p € N(j), Tx €
[}, where A{j) denotes the set of camera views that are
connected to C; through triangulation edges, and I denotes
the set of possible trajectories which include the view C;.
Note that |R;| = [N (j)| - {Tx|. illustrating the unsuitability
of conventional predictive coding for the problem at hand.
During precompression the server has knowledge of R j,



but not of the precise decoder predictor, which will only
be available during transmission.

Fig. 3 shows how a-coset code construction can be used
for the problem of compression for IBR streaming. Dusr-
ing precompression, each camera view C; is source-coded
to generate éj, and coset indices, defined on an appropri-
ate channel code, are generated for the view. Note that
this process does not introduce dependencies between mul-
tiple camera views and thus allows random access of cam-

_era views for interactivity, During transmission, appropri-
ate coset indices for view C; are transmitted and can be
decoded at the client with the help of the side-information
present at the client. It is important to note that the coset
decoder can ensure the reconstruction of C; is identical to
the source coder output, i.e. C i= C'j = C’;'\J, thereby ensur-
ing frajectory-independent reconstruction, where the server
knows precisely the decoder reconstruction of each camera
view C;. The utility of such a reconstruction will be dis-
cussed in the next section.

3.2. Proposed Encoder Architecture -
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Source Parity bits
Quantizer By

Fig. 4. A simplified representation of the proposed encoder
architecture used for precompressing an IBR camera view
Cj. Disparity compensation vectors and error vectors with
tespect to each neighboring view are computed and stored
during precompression.

Fig. 4 shows a simplified block diagram of the pro-
posed encoder. During precompression at the server, for
each camera view (j, the encoder generates and stores:
(1) disparity compensation information with respect to each
Ci, i € N(j), and (2) multiple sets of coset indices of C,
each generated using one of multiple coset codes.

Disparity information for the view C; is generated by us-
ing a quad-tree block-based disparity compensation algo-
rithm, akin to the motion compensaticn algorithm specified
in the H.264 video coding standard. Disparity compensa-
tion vectors are generated with respect to each neighboring
view of C';, and are denoted d;.;cpr(;)- In addition to the
disparity compensation vectors, the encoder also generates
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disparity error vectors, € e a'(5), by computing the resid-
ual between C; and the disparity compensated neighbering
view. The disparity error computation uses the reconstruc-
tion CF,c vr(5» which is precisely known even during pre-
compression, because of the trajectory-independent recon-
struction property. The disparity error vectors are transform
coded, quantized and entropy coded, prior to storage, for
compression. The transmission of disparity error vectors
offsets the coding efficiency loss due to the non-availability
of VL.C cedes for compression of coset information [10}.
Coset information for view C; is generated as described
in [10]. The view is transform coded using the H.264 for-
ward transform, The transform coefficients are quantized
using the H.264 scalar quantizer, and the quantization in-

-dices are then input to a bank of systematic GF(2) LDPC

encoders. The parity bits p; of the systematic LDPC code
represent the coset indices for C;. In practice, multiple sets
of parity bits are generated using LDPC codes with different
rates.

During transmission, at transmission instant £, the server
is required to communicate the camera view Cg(;y. The
server accomplishes this by transmitting the disparity com-
pensation vector dg(y)s(:+—1), the disparity error vector
eg(ys(t—1) and an appropriate set of parity bits pg,to al-
low the decoder to correctly reconstruct the desired view.
The amount of coset information required for successful
decoding, i.e. the parity bit-set required to be transmitted,
is precisely known if trajectory-independent reconstructions
are used.

4. RESULTS
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Fig. 5. Compression performance for Dragon lightfield.
The proposed approach is within 1-2 dB of the omniscient
predictive coding bound. .

Fig. 5 shows compression performance results for one



slab of the standard Dragon lightfield set. The representa-
tion of the set consists of a 32 x 32 planar array of cam-
eras arranged such that the focal plane of all the cameras is
parallel to the camera-plane. The resolution of each cam-
era view is 256 x 256, Several random trajectories with
sequence length [S| = 50 were used for traversal of the
camera-plane, and the R-D performance over the trajecto-
ries was appropriately averaged to generate the results. The
performance of the proposed encoder was compared to: (1)
independent coding of the camera views using the H.264 in-
dependent coding mode, and (2) omniscient predictive cod-
ing, in which the traversed trajectory was assumed to be
known a-priori, and the H.264 coding standard was used to
compress the frajectories—this serves as an upper bound on
the achievable compression performance.

As Fig. 5 shows, the proposed approach outperforms in-
dependent coding by 3 — 4 dB. More significantly, the per-
formance of the proposed approach is only 1 — 2 dB worse
than that of the omniscient predictive coding bound. This
demonstrates that the proposed approach provides interac-
tivity and allows precompression at the expense of only
a small performance loss in terms of compression perfor-
mance.

R-D piot for Tsukuba set
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Fig. 6. Compression performance for Tsukuba multi-view
set.

" Fig. 6 shows similar results for the Tsukuba multi-view
dataset. The Tsukuba dataset consists of a coplanar array of
twenty-five camera viewpoints with resolution 384 x 288,
and images a scene with a significantly larger field-of-view
of interest than in the Dragon lightfield. As can be seen
from the figure, the performance of the proposed approach
is 2 — 2:5 dB better than that of independent coding, and
2 — 3 dB worse than that of the predictive coding bound for
the Tsukuba view-set.
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5. CONCLUSIONS

We have presented a compression algorithm for IBR stream-
ing, which employs the transmission of coset information to
provide good compression efficiency, while allowing client
interactivity and server precompression. The proposed al-
gorithm has been shown to yield promising results for stan-
dard IBR data-sets. The proposed encoder is a specific man-
ifestation of our recently proposed state-free video coding
paradigm [7], thereby allowing easy incorporation of error-
resilience and scalable compression. The performance of
the proposed codec can be further enhanced by utilizing ap-
propriate depth-estimation technigues at the decoder which
eliminate the need for explicitly transmitting disparity in-
formation. Simple R-D optimized algorithms can be de-
veloped to determine the source coding rate and the trans-
mission rate for coset information. Finally, further research
in improving the time-compfexity of coset-code decoding
would be fruitful.
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