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ABSTRACT

This paper presents a new compression technique for 3D dynamic
meshes, referred to as FAMC — Frame-based Animated Mesh Com-
pression, recently promoted within the MPEG-4 standard as Amen-
dement 2 of part 16 (AFX — Animation Framework eXtension). The
FAMC approach combines a model-based motion-compensation
strategy with transform/predictive coding of residual errors. First, a
skinning motion-compensation model is automatically derived from
a frame-based representation. Subsequently, either 1) DCT/lifting
wavelets or 2) layer-based predictive coding is employed to exploit
remaining spatio-temporal correlations in the residual signal. Both
motion model parameters and residual signal components are finally
encoded by using context-based adaptive binary arithmetic coding
(CABAC). The proposed FAMC encoder offers high compression
performance with gains of 60% in terms of bit-rate savings relative
to previous MPEG-4 technology and of 20% to 40% relative to
state-of-the-art techniques. FAMC is well suited for compressing
both geometric and photometric (normal vectors, colors...) attribu-
tes. In addition, FAMC also supports a rich set of functionalities
including streaming, scalability (spatial, temporal and quality) and
progressive transmission.

Index Terms— Mesh compression, animation compression, dy-
namic mesh compression, CABAC, MPEG-4, AFX.

1. INTRODUCTION

Animated 3D content is nowadays an integral part of numerous gene-
ral public, entertainment, educational and professional applications
with high socio-economic impact, related to the industries of video
games, CGI films, special effects, and CAD systems.

Most often, 3D animations are represented as dynamic 3D mes-
hes with constant connectivity and time-varying geometry, which are
stored in a key-frame-based format (i.e. a static 3D mesh for each
key-frame). Efficiently storing, transmitting and rendering such a
memory consuming representation becomes a major challenge, as
testifies the rich literature dedicated to this emerging research area
(see [1] for an overview).

In addition, within the more general framework of convergence
of fixed and mobile technologies, modern industrial applications
should respond to the paradigms of universal access and content
re-use. Content in general, and 3D content in particular should
be available anytime and anywhere, whatever the user’s terminals
(PC, laptop, PDA, mobile phone), and communication networks
involved. From a methodological point of view, such requirements
translate into functionalities of scalable/progressive compression,
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for transmitting/broadcasting 3D animation sequences on different
fixed/mobile communication channels with various bandwidths, and
scalable rendering, for guaranteeing the effective visualization of
3D content on a large scale of terminals, including devices with low
computing and memory capabilities.

The issue of compressing dynamic 3D meshes has been first con-
sidered by Lengyel in 1999 [2]. Since Lengyel pioneering work, nu-
merous technical and methodological contributions have been pro-
posed. They can be structured within the following four families: (1)
Local spatio-temporal predictive approaches [3]; (2) Principal Com-
ponent Analysis (PCA)-based techniques [4, 5, 6]; (3) Wavelet-based
methods [7, 8]; and (4) Segmentation-based approaches [9, 10].

The FAMC (Frame-based Animated Mesh Compression) me-
thod proposed in this paper and recently adopted by the MPEG-
4/AFX standard [11] exploits: (1) a skinning-based motion com-
pensation model, automatically and optimally derived from arbitrary
key-frame representations, (2) a temporal transform (DCT or wave-
lets) and/or layered-based prediction [12] for compressing the re-
maining spatio-temporal correlations in the residual signal, and (3) a
CABAC arithmetic encoder [13] to ensure an efficient binary enco-
ding at a low computational complexity.

The rest of the paper is organized as follows. The FAMC me-
thod, with encoding algorithms and coded representations is des-
cribed in detail in Section 2. In Section 3 we discuss and analyze
how the proposed FAMC encoding scheme responds to streaming,
progressive transmission, and scalable rendering functionalities. The
objective experimental evaluation carried out on the MPEG-4 test
data set is presented in Section 4. Finally, Section 5 concludes the
paper ans opens perspectives of future work.

2. OVERVIEW OF THE FAMC CODER

The proposed FAMC encoder architecture is illustrated in Figure 1.
The encoder has as input a sequence of key frames (static 3D mes-
hes) denoted by Fo, ..., F:, ..., Fr with identical mesh connecti-
vity. Let us denote ¢ the 3D coordinates of vertex v at frame ¢, and
V' the total number of vertices.

First, mesh connectivity and 3D coordinates of the first frame
JFo are encoded with a static mesh encoder (e.g., AFX-3DMC [14]).
Subsequently the first frame is exploited in the Motion-model desi-
gner and Layered decomposition designer modules. Vertices coor-
dinates and optionally photometric attributes such as normals and
colors of frames Fo, . . . , Fr provide input to a chain of four succes-
sive modules: (1) Skinning-based motion compensation, (2) Trans-
form, (3) Layered prediction, and (4) CABAC. Inter- and intra-frame
dependencies are here exploited for achieving efficient compressi-
on. Let us now detail each component of the FAMC architecture, by
starting with the skinning-based motion modeling and compensation
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Fig. 1. Synopsis of the FAMC encoding algorithm.
modules.

2.1. Skinning-based motion compensation

The skinning motion model is determined in the the Motion Model
Designer module. The mesh vertices are first optimally partitioned
[15] into a set of K clusters such that the motion of each cluster can
be accurately described by a single 3D affine transform A¥, asso-
ciated to each cluster k and time instance ¢. Then, a skinning-based
model prediction is defined as [16]:

K
~v k 4k v
Xt = E Wy At X0
k=1

where 7 denotes the predicted position of a vertex v at frame ¢, and
wy, is a real-valued coefficient, so-called animation weight, which
controls the influence of the patch k on the motion of the conside-
red vertex v. The optimal (in the Lo sense) weight vector w® =
(wk)re{a,..., i} is expressed as:

F || K 2
k_wv v
E arAiXo — Xt

t=1 ||k=1

w" = arg min
a€RK

The skinning-based motion compensation module determines
the prediction errors, defined as:

vie{l,...,F}, Vve{l,....V}, &/ =xi — Xt~

Normal vectors are often associated with mesh vertices within
the framework of real-time and smooth rendering applications. The
same motion model parameters determined for 3D coordinates can
also be exploited for predicting normals. The following normal vec-
tor predictor is considered in this case:

K
Ny = (U7 x W)/ | DU x Wil
k=1

where (U, W7, NV) represents an orthonormal basis of R3, con-
structed by selecting two orthogonal vectors Uy and V7 both ortho-
gonal to the normal vector Ny of the v vertex at the first frame of
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The proposed predictor operates within the space of tangent vec-
tors, instead of directly treating the normals, which makes it possible
to overcome normalization to unity issues and ensures the predictor’s
optimality in the case of affine motions.

2.2. Transform

Residual temporal correlations within the prediction error signal e}
are reduced by applying 1D transform in temporal direction. For
each vertex v three 1D transforms (one for each z, y and 2z coordina-
te) are applied to the residual vector (7, ...,e%). Let (¢{)ieqy,....F
denote the spectral coefficients associated to vertex v. FAMC sup-
ports the following three transforms: (1) DCT, (2) integer-to-integer
(4-2) bi-orthogonal wavelet transform implemented through lifting
scheme [17], and (3) bypass, i.e. ¢; = ;. The emplyed transform
is specifies by the encoder settings. The transformed residuals (cy)
feed the layered prediction module described in the next section.

2.3. Layered prediction

In this module, the remaining spatio-temporal dependencies between
coefficients ¢} are eliminated by achieving an additional local spatio-
temporal prediction stage. A traversal order of the mesh vertices, de-
noted by O = {i1, ..., iv }, is first determined for the first frame of
the animation by applying a sequence of edge-collapse operations
[12]. Coefficients at time instance ¢ are then encoded in the rever-
se order O' = {iv,...,i1} using a DPCM loop. Thereby, already
encoded coefficients of the one-ring neighborhood of the current co-
efficient are exploited for its prediction (Figure 2).

In order to specify a predictor for a time instance ¢, three predic-
tion modes can be selected, i.e. I-frame prediction, which exploits
only encoded coefficients of the current frame for prediction (no re-
ference frames), and P- and B-frame prediction, which additional-
ly exploits encoded coefficients of one or two reference frames, re-
spectively. In the case of B-frame predictors illustrated Figure 2, a
coefficient is predicted by determining a correction vector, which is
relative to the one-ring barycenter of the current frame. The correc-
tion vector is thereby calculated as the average of correction vectors
determined in reference frames. A predicted coefficient ¢; is then
obtained. The selected prediction mode (I, P, or B) and used time



instances for reference frames are encoded for each frame as side
information.

This component of the FAMC coder allows to reconstruct a fra-
me at the decoder side by successively increasing its spatial resolu-
tion through a sequence of successive inverse simplification operati-
ons. Multiple spatial resolution layers are thus constructed.

Finally, prediction errors ry = c{ — ¢} are calculated, grouped
into layers, uniformly quantized, and provided as input to the CA-
BAC module.

2.4. CABAC

In the initially proposed version of FAMC [18], statistical coding of
the individual FAMC information parts was performed by using an
N-ary or multialphabet arithmetic coder with an a priori unknown
maximum alphabet size N. Multialphabet arithmetic coding, howe-
ver, is known to be costly, both in terms of computational and mode-
ling costs, in particular in cases where the actual number of different
symbols to encode may be considerably smaller than V.

Context-based Adaptive Binary Arithmetic Coding (CABAC),
on the other hand, has proven to be an efficient technique of stati-
stical coding in the area of video coding [13]. It handles multiple
sources with different alphabet sizes and different statistical proper-
ties by application of a three-step process consisting in binarization,
context modeling, and binary arithmetic coding. By using a compu-
tationally efficient, multiplication-free binary arithmetic coding en-
gine along with a table-based probability estimator and by tuning the
binarization and context modeling schemes to the individual charac-
teristics of the given subsources, a high degree of coding efficiency
can be achieved with rather moderate computational costs [13].

CABAC has been integrated into FAMC along the aforementio-
ned basic principle and by employing the corresponding binary arith-
metic coding engine, as specified in H.264/AVC. Appropriate binari-
zation and context modeling schemes have been designed in order to
be partly configurable by the encoder, thus providing a close match
to the observed statistical properties of each component in FAMC.
These components consist of: (1) the skinning model, consisting of
the partition, a set of 3D affine transforms associated with the partiti-
on’s clusters, and animation weights associated to each vertex of the
mesh, (2) prediction parameters, which specify per frame the used
prediction mode (I, P, or B) with reference frames as well as predic-
tion type (linear or non-linear) and other predictor side information,
and (3) residual errors in the transform domain, which are optional-
ly grouped into layers before encoding. Layer-wise encoding may
provide an embedded bit-stream supporting different types of scala-
bility (¢f. Section 3). More details of the CABAC-based approach in
FAMC can be found in [19].

3. FUNCTIONALITIES

The FAMC encoder supports different functionalities, depending on
the selected encoder settings for the Transform (DCT, Lift, or by-
pass) and the Layered prediction module (LD or bypass). Combinati-
ons of these encoder settings lead to bit streams adapted for different
functionalities.

Both Transform and the Layered prediction modules are struc-
turing the output signal into layers, which induces different types of
scalability. Bit streams created with DCT or Lift setting provide qua-
lity scalability, since successive decoding of transform coefficients
allows a reconstruction of the animation with increasing quality, wi-
thout changing its spatial or temporal resolution. On the other hand,
an encoder with LD setting creates a spatially scalable bit stream,
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since residuals of each frame are grouped into the spatial layers defi-
ned by the layered decomposition. Furthermore, the LD setting sup-
ports also temporal scalability, when frames are encoded in hierar-
chical B-frame order [20, 21]. This allows to decode a fraction of
the bit stream, giving a reconstructed animation with reduced frame
rate. Combined settings (DCT+LD and Lift+LD) create both quality
and spatial scalable bit streams, allowing to decode animations in a
progressive manner with very fine granularity.

For ensuring the streaming of the content, the FAMC encoder
has been enriched with a data partitioning procedure. The coded in-
formation is structured within data packets, corresponding to disjoint
temporal intervals, which are encoded independently one from ano-
ther. This is equivalent to considering each temporal segment as a
’mini-sequence” to be encoded in a stand-alone manner, without any
reference to any other sequences.

4. COMPRESSION RESULTS

The test corpus, including about 30 animation sequences with va-
rious sizes, shapes, and motions, as well as the objective evaluati-
on criteria has been specified within the framework of the MPEG-4
AFX Core Experiments (CE) [22] conducted by the 3DGC (3D Gra-
phics Compression) subgroup of MPEG.

The comparison of compression performances with the IC ap-
proach, adopted by MPEG since 2003, showed that FAMC outper-
forms IC, with an average gain of 60% in bitrate [18].

Figure 3 plots the rate-distortion curve for the Chicken anima-
tion. The FAMC technique has been here compared to several me-
thods of the literature: (1) TWC [7], (2) MCDWT [8], and (3) CPCA
[4]. The bitrates are expressed in bits per vertex per frame (bpvf).
The distortions here are expressed as the K'G error [6] between in-
itial and reconstructed meshes.

Let us note that the FAMC encoder offers the best performan-
ces with significant gains (20% - 40% in average) with regard to the
state-of-the-art compresion techniques. The DCT-based FAMC ver-
sion proves to be more efficient at low bitrates. The DCT+LD/LD-
based FAMC versions provide a quality and spatially/temporally and
spatially scalable bit stream, which offers progressive decoding and
scalable rendering functionalities while ensuring competitive perfor-
mances.

By using a representative subset of the MPEG test corpus, we
have additionally evaluated the gain in terms of bit-rate savings ob-
tained by using CABAC instead of a conventional N-ary arithmetic
coder, when operating DCT-based FAMC at different quantization
bit-depth values for the representation of prediction residuals. Corre-
sponding results are shown in Table 1. The overall bit-rate reduction
achieved by CABAC is 31% (averaged over 13 animation sequences
and 6 bit depth values in the range of 4 to 14).

Because of its high compression performance and due to the lar-
ge set of functionalities supported, FAMC has been recently adopted
and integrated as part of the MPEG-4 Animated Framework eXten-
sion (AFX).

5. CONCLUSION

In this paper, we have presented a novel technique for animated 3D
mesh coding, so-called FAMC (Frame-based Animated Mesh Com-
pression). The proposed method offers high compression rates for
both geometric and photometric attributes, while supporting a com-
plete set of advanced functionalities such as scalable rendering, pro-
gressive transmission, and streaming. The comparative experimen-
tal evaluation, carried out on the MPEG-4 test data set, objectively



Table 1. Average bit-rate savings (%) for different quantization bit-
depth values obtained by comparing DCT-based FAMC using CA-
BAC relative to the initial DCT-based FAMC approach [18] using
conventional N-ary arithmetic coding.

’BitdepthH 4 ‘ 6 ‘ 8 ‘ 10 ‘ 12 ‘ 14 H4—14‘

’ Savings H 24.1 ‘ 34.4 ‘ 36.8 ‘ 352 ‘ 30.7 ‘ 25.0 H 31.0 ‘

establishes that FAMC outperforms both the IC method, previously
adopted by the MPEG-4 standard (with average gains of 60%) and
state-of the art techniques (20% - 40% of gains in average).

Future work will concern the design of an optimal layered de-
composition by exploiting vertices coordinates additionally to mesh
connectivity.
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Fig. 3. FAMC vs. state of the art.
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