Progressive 3D mesh compression: A B-Spline approach
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Abstract: - This paper proposes a new approach for efficient progressive compression of dense and smooth 3D meshes.
Based on a multi-patch B-Spline representation, the proposed compression scheme includes three stages: mesh
segmentation into patches, parameterization, and B-Spline fitting. The geometry images of the B-Splines control points
are compressed with optimized still image encoders, while the mesh connectivity is lossless encoded by applying the
Touma and Gotsman (TG) algorithm. The experimental evaluation, carried out on a corpus of meshes from the
Stanford and Cyberware repositories, shows that the proposed compression scheme achieves significant gains (30% on
average) when compared to the spectral compression (SC) approach and outperforms both MPEG-4 and TG encoding
schemes, particularly at low bitrates of less than 8 bits per vertex.
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1 Introduction
Graphic content is today extensively exploited within
various, both professional and general public application
domains, including CAD, medical imagery, video
gaming, synthetic film production…
Graphics cards currently available on most general
public devices (PCs, PDAs…) are optimized for realtime rendering of 3D meshes, which are today the most
popular way of representing 3D content. However, such
3D mesh representations require a huge amount of both
bandwidth and memory resources for ensuring their
transmission and storage on different networks and
terminals. The challenge of elaborating efficient and
compact 3D data representations has been extensively
addressed within the last decade resulting in a rich
literature of which some comprehensive overviews are
presented in [11], [25].
Let us first mention the monoresolution, connectivity
driven compression approaches. Here, a deterministic
traversal of the mesh makes it possible to implicitly
represent and lossless encode the adjacency relations
between vertices, edges and faces. The geometry is then
differentially encoded by exploiting the neighbourhood
relations and the above-mentioned traversal order, within
the framework of a prediction scheme. As representative
of this family, let us mention the so-called “Topological
Surgery” [8] method, adopted within the MPEG-4
standard, and the Touma and Gotsman (TG) [7] coding
scheme, long time considered as the state of the art of
monoresolution compression techniques.

Ensuring scalable transmission of 3D content
requires the elaboration of progressive compression
schemes that require multiresolution representations with
multiple levels of detail.
Within this framework, let us first mention the spectral
compression (SC) technique introduced in [17], which
combines lossless encoding of the connectivity [7] with
progressive geometry compression. Here, the geometry
signal is decomposed into the basis of the eigenvectors
of the Laplacian operator, which extends for 3D meshes
the 2D DCT transform. The spectral representation is
highly efficient especially for low bitrate compression of
smooth 3D models. However, the major limitation
comes from the expensive computational complexity
(cubic with the number of vertices) of the decoding
process, which makes it un-tractable in practice.
Recent approaches completely modify the initial mesh
connectivity in order to obtain semiregular [9], [10] or
regular [5], [16] topological representations well-suited
for compression purposes. The principle consists of
deriving, from the initial mesh a low-distortion
parameterization. The mesh geometry is then represented
as a 2D image (so-called geometry image), obtained by
re-sampling the parametric domain, which can be
efficiently compressed with standard, optimized still
image encoders such as JPEG, JPEG2000… Here again,
the underlying smoothness and sampling density
assumptions are essential for guarantying the
compression efficiency.
Such methods are fully progressive and lead to high
compression rates, since the topological information is

totally discarded and the still image encoders ensure
optimized compression performances. However, they
suffer from several limitations, related to the remeshing
of the parametric domain. First, regularly or semiregularly resampling the parametric domain may lead to
degenerated triangles with abnormal shape aspects,
resulting in visually unpleasant artefacts [4], [5], [10].
Figure 1 illustrates these limitations for some high
curvature surfaces patches, derived from the “Bunny”
and the “Horse” models. Second, when multiple patch
parameterizations are considered [4], the heuristic
stitching procedures involved do not guaranty the
smoothness of the decoded mesh at the level of patch
borders. Third, accurately capturing the details present in
the original mesh requires a dense re-sampling [5], [10],
which leads to huge decoded meshes (e.g. 256K vertices
for usual 512 x 512 geometry images), unpractical for
real-time
rendering
purposes.
Fourth,
certain
applications do not admit the alteration of the initial
connectivity, as in the case dynamic, animated mesh
coding recently considered within the framework of
MPEG-4/AFX standard [27].

a. Regular remeshing [5]
(“Bunny”, 66049 vertices).

b. Our encoder
(“Bunny”, 34384 vertices).

c. Semi-regular remeshing [10]
(“Horse”, 56194 vertices).

d. Our encoder
(“Horse”, 48485 vertices).

Figure 1: Remeshing limitations: bad triangulation
quality and excessive sampling.
In order to overcome such limitations, this paper
introduces a novel approach for progressive, low bitrate
compression of smooth and densely sampled large 3D
meshes such as those obtained with 3D scanners.
As in [17], our approach combines lossless encoding
of the connectivity with progressive geometry
compression.
The lossless connectivity constraint relates to the
industrial application of the French National
SEMANTIC-3D project [28], that partially financed this
study.

As in [5], [16], the mesh geometry is represented as a
2D image. Our approach exploits a connectivity driven
multiple patch parameterization and a B-Spline surface
approximation. The preservation of the original
connectivity makes it possible to re-sample the geometry
images at parametric coordinates of initial vertices, and
thus to avoid the above-mentioned problems related to
degenerate triangles, patch border stitching, and
excessive oversampling.
The next section describes the proposed compression
method and details the different stages involved. The
performances of the new compression approach are
objectively evaluated and discussed in Section 3. Finally,
Section 4 concludes the paper and opens perspectives of
future work.

2 Multiple B-spline encoding scheme
The proposed encoding scheme is presented in Figure 2.
The mesh geometry is converted into a regular
representation (2D images) using a B-Spline
approximation [15], [16]. Unlike the approaches from
[16] where a single B-Spline surface is used for
representing the entire model, we propose a multiple
patch representation which makes it possible to
accurately represent 3D shapes of arbitrary complexity.
In order to determine the patches, a segmentation
procedure is first applied. Each patch is parameterized
using the Tutte’s algorithm [1] with the additional
optimization introduced in [18], and then approached by
a B-Spline surface. The B-Spline control points are
finally quantized and stored into three grey-scales
images one for each x, y and z control point coordinates.
This B-Spline geometry images are finally compressed
using a still image encoder. In this paper, we have
selected the JPEG 2000 encoder, for its recognized
compression performances.
The connectivity of the patches is separately lossless
encoded using the TG approach [7]. An additional
topological information describing the inter-connexions
between patches is also integrated into the binary stream.
At the decoder side (Figure 3), the connectivities of the
patches are first recovered. This information makes it
possible to recompute, for each patch, the Tutte
parameterisation, which does not require the knowledge
of any geometric properties. The patches are then
stitched together with the help of the additional
topological information transmitted. In this way, the
initial connectivity is totally recovered.
The geometric information is decoded by
reconstructing B-Spline surfaces from the transmitted
control points and then sampling them at the parametric
coordinates associated to the mesh vertices.
Let us now further detail each of the stages involved
within the proposed coding scheme.
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Figure 2: Multiple B-Spline representation and compression scheme.
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Figure 3: Synoptic scheme for the decoding algorithm.

2.1 Mesh segmentation into patches
The objective of the segmentation stage is to obtain a
partition of the initial mesh into mutually disjoint
patches. Each patch should be homeomorphic to a disc
and well-suited for low distortion parameterizations (cf.
Section 2.2).
Existing techniques [3], [4], [5], offers several
tradeoffs between quality of parameterization and
computational complexity. In [3], the proposed
segmentation procedure works well for texture mapping
purposes, but the resulting patches might be too tiny,
which is inappropriate when considering compression
applications. On the contrary, the patches obtained with
the algorithm described in [5] are too complex for
enabling low distortion parameterizations. This
drawback is overcome by the algorithm proposed in [4],
which extends of the Lloyd-Max quantizer, but at the
price of a prohibitive computational complexity.

In this paper, we introduce a rapid and automatic
segmentation algorithm applicable to any manifold mesh
of genus 0. The proposed approach makes it possible to:
• uniformly distribute the Gaussian curvatures of the
mesh over the patches,
• privilege mesh segmentation along crease features,
• generate compact boundaries by minimizing the
number of patch border edges,
at a low computing cost (linear complexity with the
number of the mesh faces).
Let F denote the set of faces of M and E the set of its
internal edges (note that for a manifold mesh an internal
edge has exactly two incident faces). The goal is to
determine a partition Π = {F1, F2, …, FN} of F such that
the quantities:
(1)
∑ wgauss ( f )
f ∈Fi

are equal and the total cut cost
C = ∑ wangular (e)
e∈E

border

(2)

(Π )

is minimal. Here,
•

f
wgauss ( f ) = ∑ k (vif ) , with k (vi ) denoting the
i

Gaussian curvature of the mesh evaluated at vertex vif ,

{v } the set of vertices of face f, and
i

f

the absolute

i

value of a real number,
•

wangular (e) =

1

n(

f1e ) × n( f 2e )

, with n(f) being the

unit normal vector of face f, f1e and f 2e the two faces
incident to edge e,
the L2 norm, and × the vector
product of two vectors,
• Eborder(Π) denotes the set of edges located at the
frontier between different patches of the partition.
In order to resolve this NP hard optimization problem,
we have adopted the heuristic graph partitioning
algorithm described in [13]. In order to reduce the
computational complexity, the mesh is massively
simplified by applying a sequence of edge collapse
operations [26], performed on the dual graph of the
mesh. During this simplification process, the weights
w gauss ( f ) and wangular (e) are consequently accumulated
for taking into account the gaussian curvature and crease
angle distributions of the initial mesh. After solving the
optimization problem described above on the coarse
mesh, the segmentation of the initial mesh is obtained by
reversing the simplification process and propagating the
partition labels from coarse to fine levels.
The different patches thus obtained are finally cut into
separate connected components, by duplicating the
vertices and the edges located at the frontiers between
patches (Figure 4). The adjacency relations of the
patches are totally described by these cut operations (cf.
Section 2.4).

P2

P1

Figure 5 presents the results obtained for different
meshes with numbers of vertices varying between 34K
and 67K and number of patches of 50. In all cases, the
computing times (on a P4 machine, 1.8GHz and 1Go
RAM) are less than a second.
Let us note that the obtained patches may present
multiples boundaries. In order to obtain patches with a
single boundary, the different boundaries are further
interconnected by performing a supplementary cut
between the boundary loops. This cut is performed as
fallows. At each stage, two boundary loops B1 and B2 are
first selected. Then, two ghost vertices v1 and v2 are
respectively connected to the vertices of B1 and B2. The
Dijkstra’s shortest path (with unitary weights for all
edges) [24] between v1 and v2 finally determines the cut
path. This procedure, illustrated in Figure 6, is iteratively
applied until obtaining a unique boundary.
Moreover, in order to avoid patches with tubular shape
aspects, which induce high distortion parameterizations,
a final refinement is applied. The principle consists of
enlarging the boundary by performing additional cut
operations, witch aim at optimizing the global shape
ratio ρ, defined as follows:

ρ=

(3)

where l is the boundary total length and s is the patch
area.
The cut paths are determined in a similar manner with
the previously described boundary connection
procedure. Here, Dijkstra’s shortest path between a ghost
vertex v associated to the boundary and the internal
vertex of the highest Gaussian curvature v0 determines
the cut (Figure 7). This process is iteratively applied
until ratio ρ becomes sufficiently high (in our
experimentations, a value of 16, which corresponds to
the shape ratio of a planar square, provided acceptable
results) is obtained.
The resulting patches are then independently
parameterized, as described in the following section.
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Figure 4: Cutting the mesh by duplicating the vertices shared by adjacent patches (Pi : patch
number i ).

(a) “Bunny” (50 patches,
34834 vertices)

(b) “Horse” (50 patches,
vertices 48485)

(c) “Venus” (50 patches,
50002 vertices)

(d) “Rabbit” (50 patches,
67038 vertices)

(e) “Gargoyle” (50
patches, 50002 vertices)

(f) “Dinosaur” (50
patches, 56437 vertices)

(g) “Tyra” (50 patches,
vertices 60002)

(h) “Max Planck” (50
patches, 49132 vertices)

Figure 5: Segmentation of meshes of different shapes and complexities.
v1

v1

B1

B2

v0

v2

v2

(a)

(b)

(c)

(a)

Figure 6: Connexion of boundary loops: (a)
patch with two boundary loops B1 and B2; (b) two
ghost vertices v1 and v2 respectively connected to
B1 and B2; and (c) cut of the mesh according the
shortest path between v1 and v2.

2.2 Patch parameterization
By definition, a parameterization of a surface S is a
bijective mapping f between a 2D domain and the
surface S, as expressed in the following equation:
f : D ⊂ IR → S ⊂ IR ,
2

3

(u , v ) ∈ D a S (u , v ) = ( f x (u , v ), f y (u , v ), f z (u , v )) .

v

(4)

The issue of determining “good” parameterizations of
triangulated surfaces has been intensively [1], [2], [12],
[14], and existing techniques integrate both topological
and geometric information.

(b)

(c)

Figure 7: Parameterization optimization by
boundary enlargement: (a) initial high distortion
parameterization; (b) ghost vertex v connected to
the boundary, internal vertex vo with the highest
Gaussian curvature and cut of the mesh according
to the shortest path between v and v0; (c) improved
parameterization.

However, within our compression scheme, the
parameterization needs to be determined uniquely from
the connectivity information, since it serves for
determining geometric properties.
For this reason, we have retained the Tutte’s method
[1] which makes it possible to embed into IR2 simply
connected planar graphs, without edge selfintersections. This procedure consists of the following
two steps:
• First, the boundary loop is mapped into a convex
form of the plane (usually a 2D square).

•

Then, the positions of the internal vertices are
computed by supposing that each vertex is the
barycentre of its neighbours.
Taking into account solely the topological
information, the Tutte’s method might introduce
important geometric distortions, i.e. does not preserve
metric properties such as length, area, and angle
between initial and parametric domain.
In order to minimize such distortions, the optimization
procedure described in [18] is further applied, under the
hypothesis that the mesh triangles have similar aspect
ratios. Here, the idea consists of exploiting the analogy
with a physical system constituted of masses located at
the vertices of the mesh and connected with springs
according to the edges. The Tutte parameterization is
considered as a first guess solution. This initial
parameterization is then iteratively enhanced. At each
iteration, the springs elasticity coefficients are updated
so that stretching induced by the parameterisation is
minimized.
Figure 8 shows three different parameterizations,
obtained with Tutte, optimized Tutte and Floater [2]
algorithms, which integrates geometric information.
We note that the optimized Tutte approaches the
Floater results and thus enhances the initial Tutte
parameterization.
Let us note that the parameterization needs to be
recomputed by the decoder. This step is determinant for
the complexity of the decoding algorithm. Here, we
solve a linear system with N × N (N being the number
of vertices per patch) sparse, symmetric, and positive
defined matrices. By using the gradient conjugate [19]
method, the computing times are around 0,3 seconds
per patch of about few thousands faces (on a machine
P4, 1.8GHz and 1Go of memory).

2.3 B-Spline approximation
Because of their attractive mathematical properties
(smoothness, regularity, power of representation, local
control, fast computation of geometric properties…) the
B-Spline surfaces have been intensively used in various
application domains, including CAD, modeling of
virtual avatars…
A B-Spline surface (cf. [6], Chapter 3) is defined as:
∀ (u , v ) ∈ [0, 1] × [0, 1] ,
(5)
n
m
S (u , v ) = ∑∑ Pij N i , p (u )N j , q (v) ,
i =0 j =0

where (u , v) are the parametric coordinates, Pij ∈ IR3
q

the surface control points and N ip (u ) , N j (v) the BSpline basis functions of degree p and q, defined over

{

knot vectors U = 0, ...0, u p +1 ..., ui , ..., un ,1,...,1
V =

{

p +1

0, ...0, vq +1 ..., v j , ..., vm ,1, ...,1
q +1

q +1

}.

p +1

} and

After parameterization, a couple (u, v) ∈ IR2 of
parametric coordinates is associated to each mesh
vertex. In this way, the mesh vertices irregularly sample
the parametric domain. Approximating a set of irregular
points by a B-Spline is of course possible, by using
scattered data interpolation techniques such as those
described in [20], [21], [22]. However, these non-linear
optimisation procedures are highly complex and do not
guaranty theoretically the convergence of the
algorithms.
For this reason, we have adopted a simple, yet
efficient solution [6] consisting of:
• computing a grid of points {Qk ,l } on the mesh by
resampling the parametric domain according to a
uniform sampling grid {(uk ,l , vk ,l )} ⊂ [ 0,1] × [ 0,1] ,

• determining the control point matrix P = {Pi , j } of
the B-Spline surface which best fits (in the mean
square error sense) the data points {Qk ,l } .
Matrix P is determined by applying the crosssectional procedure described in [6], which guarantees
in all cases the existence of the solution, obtained by
solving a set of well-conditioned linear systems.
Being defined on a rectangular lattice, the control
points Pi , j can be stored in three grey-scales images,
2.a. Tutte

2.b. Optimized
Tutte

2.c. Floater.

Figure 8: Different mesh parameterizations.
The obtained parameterization makes it possible to
approximate in an elegant and computationally tractable
manner the 3D mesh geometry by a B-Spline surface.

one for each x, y, and z coordinate Pi ,xj , Pi ,yj , and Pi ,zj .
Each image is finally compressed by using the JEPG
2000 progressive encoder, adopted because of its highly
optimized performances.
The above-described procedure makes it possible to
determine for each individual patch the geometry
information. As the per-patch connectivity is also
available, the last step of our algorithm concerns the

stitching of different patches.

2.4 Patch stitching
Stitching the different patches at the decoder side
requires the integration, into the bitstream, of an
additional topological information describing the cuts
operated on the mesh (Section 2.1).
For each cut c, the following overhead topological
information is transmitted:
• the two neighbouring patches, F1c and F2c , to be
connected,
•

the start vertices of vs and vs within each patch
boundary loop,
1

2

the end vertex ve of the patch F1c , and
the direction traversal s1 and s 2 of the two patches.
These elements are sufficient for recovering the
original connectivity at the decoder side.
The patch stitching algorithm is illustrated in Figure 9.
1

•
•

s1
s2
Figure 9: Merging two distinct patches together.

3 Experimental results
The experiments have been carried on a set of a dozen
of meshes usually used for evaluation purposes in the
literature [4], [5], [7], [10], [17]. Such meshes, obtained
with 3D scanners, exhibit smooth and densely sampled
geometries. The original data are available on the
Stanford and Cyberware repositories [29], [30]. The
performances of the encoder are expressed in terms of
rate/distortion curves. The rates are expressed in bits
per vertex (bpv). The distortions are measured using the
Hausdorff distance between original and compressed
meshes, estimated with the MESH software described
in [23] and available at http://mesh.epfl.ch.
All the results were obtained by subdividing the
meshes into 50 patches and using quadratic B-Spline
surfaces with 24×24 control points.
Figure 10 presents the rate/distortion curves for the
“Venus”, “Horse”, and “Bunny” models obtained using
our B-Spline approach, the TG compression scheme
[7], the MPEG-4 encoder [8], and the spectral
compression method [17]. For [17], the meshes were
segmented into 120 patches and the spectrum was
quantized on 14 bits.
The proposed compression scheme leads to the best
results within the range of low bitrates (< 8 bpv).

For bitrates higher than 8 bpv, the TG encoder
provides slightly better rate/distortion ratios. However,
the obtained gains are minimal since the associated
distortion being negligible (about 0,02% of the
bounding box’s diagonal of the mesh). At such error
levels, the visual quality of the generated meshes
becomes quasi-constant!
The SC technique also proves to be highly efficient,
especially at very low bit rates. However, within the
range from 4 to 10 bps, our encoder performs
significantly better than the SC approach, with an
average gain of 30%.
Figure 11 illustrates some compressed meshes at
different bitrates and with several methods. The visual
quality of the B-Spline compressed meshes is obviously
higher than the one obtained using the TG and MPEG-4
encoders. This nice property is explained by the BSpline representation which guaranties smooth surfaces
and thus visually graceful compressed models all along
the transmission process, starting from very low
bitrates. Figures 12 and 13 illustrate the obtained
progressive compression results for several meshes at
bitrates varying within the range from 4 to 10 bpv.
The presented results show that the proposed B-Spline
approach is particularly suited for low bitrate,
progressive compression, with lossless connectivity.

4 Conclusion and future work
This paper introduced a new 3D mesh compression
scheme, based on a multiple B-Spline representation
and dedicated to densely sampled, smooth mesh
models.
The geometry is progressively encoded, while
preserving the initial mesh connectivity, which is
lossless compressed.
The several stages necessary for building the novel
representation were described in details.
Experimental results show that the proposed
compression scheme outperforms the other connectivity
preserving approaches, such as MPEG-4, Touma and
Gotsman and spectral compression, for low bitrates
(less than 8 bpv).
Future work, will address the issue of adapting the
proposed encoder to the compression with loss of
connectivity. The generation of a triangulation interpatches with no artefacts and degenerate triangles will
be particularly studied. Within this framework, a more
efficient parameterization technique, integrating
geometric metric properties will be considered.
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Figure 11: Compressed meshes for “Horse”, “Venus” and “Bunny” models obtained with: MPEG-4
(a, e and i), TG (b, f, and j), SC (c, g, and k) and our approach (d, h, and l).
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Figure 12: Compression results for different meshes at several bitrates.
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Figure 13: Compression results for different meshes at several bitrates.
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