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ABSTRACT

This paper proposes a multi-resolution coding system for 3D
graphic scenes using vector quantization (VQ). For improved
compression efficiency, the proposed system generates the
VQ codebook for a given 3D scene using mesh objects con-
tained in the scene database instead of separate training mod-
els. Furthermore, objects are weighted according to their un-
equal display importance resulting from interactions, which is
incorporated into both codebook training and rate-distortion
optimization. Empirical results are presented to verify the ef-
ficiency of the proposed coding system.

Index Terms- Vector quantization, Multi-resolution, Tri-
angular mesh, Connectivity, Geometry, Rate-distortion
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1. INTRODUCTION

Three-dimensional (3D) triangular meshes are the most widely
used data format in computer generated graphics. Unlike reg-
ularly sampled data such as texture images, triangular meshes
are often irregularly sampled, represented by vertices with
3D spatial coordinates (called geometry) and inter-connected
with arbitrary degrees (called connectivity).

A 3D mesh can be coded into multiple levels-of-details
(LODs) for scalable transmission and rendering, using multi-
resolution coding algorithms, e.g., [1-5]. Typically, multi-
resolution mesh coding is performed by downsampling mesh
connectivity using edge-collapse operations, predicting coor-
dinates of collapsed vertices, and coding prediction residu-
als along with connectivity information that tells which edges
should be split to recover the collapsed vertices [1-4]'. En-
tropy coding was commonly used in coding coordinate resid-
uals in separate spatial dimensions, while vector quantiza-
tion (VQ) was only used in single-resolution mesh compres-
sion [6,7] to code the vertex geometry jointly. Recently, we

'Wavelet-based schemes (e.g., [5]) reported higher compression effi-
ciency than the above methods by re-sampling an irregular mesh to be semi-
regular before compression, which alters the connectivity of the original
mesh in a non-invertible manner. Here we limit our discussion to schemes
that preserve the original connectivity.

Fig. 1. Diagram of the VQM algorithm.

studied the incorporation of vector quantization with a multi-
resolution hierarchy, and proposed a VQM algorithm [8] for
multi-resolution mesh compression. Figure 1 gives a diagram
of the VQM algorithm proposed in [8].

Although VQM improves compression efficiency consid-
erably compared to its preceding algorithms [8], it focuses
on coding individual mesh objects with a pre-generated code-
book using separate training models. In other words, gener-
ation of the codebook is independent from the coding pro-
cess. In contrast to individual meshes, a 3D scene database
comprises various objects interacting in the same view space.
Simply applying VQM to code all the objects independently
would not be optimal, as different objects have unequal dis-
play importance resulting from their interactions. For max-
imized scene quality, generation of the codebook should be
considered jointly with the coding process, taking into ac-
count the unequal importance of different objects.

This paper proposes such a scene-adaptive coding system,
which uses mesh objects contained in the scene database to
generate the codebook. To account for unequal display impor-
tance of different objects, a weighted codebook training algo-
rithm is designed, and a rate-distortion optimization frame-
work is developed to code multiple objects jointly under rate
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constraints. Next, we provide an overview of the proposed
coding system. Further details of the system components are
described in Section 3. We present empirical results in Sec-
tion 4 and conclude the paper in Section 5.

2. SYSTEM OVERVIEW

Figure 2 shows a block diagram of the proposed 3D scene
coding system, where an input scene database consists of plu-
ralities of mesh objects located in one view space. With the
given view space and the object coordinates, an object weight-
ing module is adopted to determine a weight factor for each
object that reflects the relative importance of the object re-
garding display. Each object is processed to generate a multi-
resolution representation by a single object coding algorithm
that is similar to the VQM algorithm [8]. However, instead
of using a pre-generated VQ codebook with separate training
models, the single object coding algorithm in Figure 2 uses
a codebook generated with prediction residual vectors of all
mesh objects in the scene database. Moreover, all the predic-
tion residual vectors are weighted by the estimated weights of
the corresponding mesh objects. Then, under rate constraints,
a joint scene coding algorithm performs optimal bit allocation
among all the objects, based on distortion-rate performance
of the objects and their relative weights. Note that for a given
3D scene database, the VQ codebook can be generated of-
fline, which means that the online coding complexity of the
3D scene coding system will not increase remarkably.
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Fig. 2. Diagram of the VQ-based 3D scene coding system.

As the first component of the 3D scene coding system,
object weighting should be conducted before VQ codebook
training and joint scene coding, which are both adaptive to ob-
ject weights. The weighting of each object is expected to re-
flect the relative importance of the object in the displayed 3D
scene. A straightforward heuristic is to assign object weights
according to the relative volumes of the objects. More so-
phisticatedly, weights assigned to objects may need to re-
flect the user's operating focus and/or the inherent importance
of the model, determined upon the semantics of the applica-
tion2. In general, modeling the relative importance of the ob-
jects is mainly application specific. For this reason, we do

2For example, merchandizes would be more important than shelves in a
virtual shop; paints would be more important than walls in a virtual gallery.

not intend to specify an object weighting process in this pa-
per. Rather, we assume that each object in the given scene
database has been assigned a weight factor, w C [0,1], to
reflect its application-specific importance. All the weight fac-
tors are normalized such that their summation is equal to 1. In
the rest of the paper, we address the adaptive 3D scene coding
based on the given object weights.

3. ADAPTIVE SCENE CODING

3.1. Weighted Codebook Training

TheVQM algorithm in [8] implemented a complexity-reduced
stochastic relaxation (SR) algorithm [9] to generate the VQ
codebook, wherein the codebook training process is indepen-
dent from the VQM encoder and decoder. Such a codebook
independency is important for coding a single mesh object
or the codebook will need to be transmitted with the object,
which would incur a considerable overhead to the bitstream.
When coding a scene database with various mesh objects,
however, the overhead of the codebook is relative small com-
pared to the entire bitstream. On the other hand, using mesh
objects in the scene database for the codebook training is ex-
pected to improve compression efficiency. Therefore, in this
paper, an adaptive VQ codebook training algorithm is devel-
oped to produce the codebook. The algorithm is adaptive in
two aspects: (i) it is adaptive to the contents of the input 3D
scene, as the training data set is taken from all the objects
in the scene database; (ii) it is adaptive to the application-
specific object weights. In other words, prediction residual
vectors from different mesh objects have unequal effects on
the codebook training according to given weight factors.

The proposed codebook training process takes prediction
residual vectors from all mesh objects in the input scene database
as training vectors. Then, it generates the VQ codebook using
a weighted SR algorithm, which treats different training vec-
tors with different weights. In the following, we first present
a complete description of the weighted SR algorithm. Expla-
nation of the notations is given afterwards.

(i) Code-vector initialization: y y.). m 1.
(ii) Nearest neighbor repartition (1 < i < K):

j = arg min xi- (M)
1<l<N

Put xi -> R(m)2
Dm = Dm +Wi y(m) 2

(iii) Centroid computation (1 < I < N):

G(m) = E

i:xi ER(-)

Wi * Xi E
i:xi ER(-)

i .

(iv) Code-vector jiggling (1 < I < N):

Tm = ¢x(1 )P,
G(m) (m)+ (T)

(1)

(2)

(3)
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(v) Stopping decision:

If m > I, Stop,
otherwise , m = m + 1, go to (ii).

In the above algorithm, K denotes the number of training
vectors, andN is the number of code-vectors in the codebook;
xi and wi are the i-th training vector and its corresponding
weight; R(m) (m) and Dm denote the j-th partition region,
the j-th code-vector and the distortion at the m-th iteration,
respectively. In Equation (3), (, (Tm) denotes a noise added
to the code-vector, and the noise variance is dictated by the
temperature Tm, which is gradually reduced with m; or2 indi-
cates the variance of the code-vector components, and finally,
I defines the number of iterations.

3.2. Joint Scene Coding

Using the codebook generated by the weighted codebook train-
ing algorithm, each mesh object Mk in the scene database is
coded into a number of Lk LODs. This single object coding
algorithm closely follows the process ofVQM (Figure 1). Re-
spectively, we denote the distortion-rate performance of each
object Mk as

{'Dkj,j Rk,j }1c=lI ...N,j=l ...Lk

number of objects in the scene increases. For this reason, we
employ in this paper a steepest decent algorithm, which re-
quires only linear computation time. Starting from the lowest
resolution for each object, the steepest decent search is per-
formed in an incremental fashion. At each step, the resolution
of each object is increased to a higher LOD; the ratio of re-
sulting distortion reduction over rate increment is calculated
and multiplied by the corresponding object weight. Then, the
object with the maximum ratio of distortion reduction over
rate increment is selected and its resolution is increased. This
procedure is repeated until the rate constraint is reached.

In general, the steepest descent search algorithm only guar-
antees that local optimal solutions are reached. In this specific
problem, however, the distortion-rate function of each coded
mesh object is monotonically decreasing and convex. Hence
the distortion function of the 3D scene, as defined in Equa-
tion (6), is a linear combination of N monotonically decreas-
ing and convex functions. It can be easily shown, using the
following lemma, that a local-optimal solution to Equation (5)
found by the steepest descent search algorithm is indeed op-
timal. The proof of Lemma 1 is trivial and is skipped in this
paper because of the space limitation.

Lemma 1 Ifa series offunctions {fi(xi) i=l,... ,N are mono-
tonically decreasing and convex over xi, then, the linear com-
bination

where N is the total number of objects in the scene database,
Rk,J is the number of bits needed for coding LOD Mkj, and
Dk,j denotes the corresponding distortion, measured by mean
squared surface distances between the reconstructed simpli-
fied mesh Mkc and its original full-resolution version [10].

We use an LOD vector 7r = {W1i, ..., 17N } to denote a set
of resolutions for the N objects where a resolution 7Fk is se-
lected for object Mk. Apparently, each selection of 7r has a
corresponding bit rate with a resulting distortion for the dis-
played scene. The objective of the joint scene coding is to
find the proper LOD vector that minimizes distortion while
satisfying a given rate constraint R.. More explicitly, it aims
to tackle the following problem:

Minimize DS (7r), subject to R (7r) < Rc, (5)

where

N

R(7r) = Z7k,wk, andD5(7r)
k=l

N

E WkDk,7k -

k=l

Note that in (6) the distortion of the displayed 3D scene is
measured by a weighted summation of the distortion of indi-
vidual objects, using estimated weights of the objects.

To find the solution for (5), a straightforward method is
a brute force algorithm that searches over the entire solution
space. Such an exhaustive search, however, only works un-
der situations where the solution space is with small or mod-
est size, as its complexity increases exponentially when the

Y(Xl,.. ,XN) = ZwWi * fi(Xi)
i=l

(7)

has thefollowing property: the optimal vector (XI,... ,N)OPt
to maximize the value of y(xi,... , XN) under the constraint
N

Z xi = R, can be found by the steepest descent search al-
i=i
gorithm.

4. EXPERIMENTAL RESULTS

In this section we present preliminary test results for the pro-
posed 3D scene coding algorithm. In our experiment, the test
3D scene consists of six mesh objects, and their weights are
assigned to be 0.40, 0.35, 0.10, 0.05, 0.05, 0.05, respectively.
Each object is encoded to generate ten enhancement layers.
We use 13 bits for vector quantization, thus the overhead of
the codebook is relative small (< 6%) compared with the en-
tire bitstream for the test 3D scene. Note that the overhead of
the codebook will become even smaller when the coding 3D
scene involves more mesh objects.

We compare the proposed coding system with a heuristic
method that treats multiple objects independently and equally.
More explicitly, the VQ codebook is trained by the original
SR algorithm instead of the weighted SR algorithm, and the
bit allocation is designed to transmit approximately the same
LODs for all the objects under given rate constraints.

Figure 3 presents the distortion-rate performance of the
coded 3D scene with the two comparing methods, where the
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Fig. 3. Performance comparison between the proposed 3D
scene coding algorithm with the heuristic method.

x-axis is the overall bit rate of the enhancement layers of all
the objects and the y-axis gives the PSNR value:

PSNR020ogl0D, (d)

where D, is given by (6). For both schemes, compression
of the bases meshes is the same and the VQ codebook over-
head is also the same, therefore they are both not included in
the plots. From the plots, one can see that the proposed al-
gorithm outperforms the heuristic method significantly. For
example, at a bit rate of 120 KB, the proposed coding system
achieves a 3.7-dB improvement compared with the heuris-
tic. It is also noted that the performance difference between
the two schemes becomes smaller when the bit rate becomes
higher. This is because the bit allocation for the two schemes
will tend to be the same when the bit rate is high enough.

Figure 4 provides two rendered results at 100 KB for a
subjective comparison. Because of the limited space, only
part of the entire 3D scene is presented in Figure 4, which
includes the most important object (the HORSE model with
a weight factor of 0.40) and the least important object (the
DINOSAUR model with a weight factor of bt05). Comparing
Figure 4(a) with Figure 4(b), one can observe that with the
highest weight, the HORSE model is coded into a high res-
olution by the proposed coding algorithm. In contrast, the
heuristic method treats all the objects equally and indepen-
dently, resulting in a considerable quality degradation for the
high-weight model.

5. CONCLUSIONS

The multi-resolution coding system for 3D scenes proposed
in this paper consists of four components: object weighting,
adaptive codebook training, single object coding, and joint
scene coding. The object weighting module assigns a weight
factor to each object in the scene database. Based on the ob-
ject weights, the codebook training algorithm produces a VQ
codebook using prediction residual vectors of all the objects
resulting from the mesh simplification process, which is used
to code each object into a multi-resolution hierarchy. Under
given rate constraints, a joint scene coding algorithm finds

(a) Proposed method: PSNR = 28.84 dB

(b) Heuristic method: PSNR = 25.03 dB

Fig. 4. Subjective comparison of the rendered 3D scene by
the proposed algorithm and the heuristic method.

proper resolutions for the objects that provide the best scene
quality.
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