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ABSTRACT

In this paper a novel procedure for the representation of 3D surfaces using 3D
hierarchical adaptive wireframes is presented. The 3D surfaces are generated by
dense depth maps. The procedure is based on pyramidal analysis using the Quin-
cunx Sampling Minimum Variance Interpolation (QMVINT) filters. The use of this
method minimizes the variance (which is a measure of the entropy) of the interpola-
tion error and therefore results to optimal compression of the wireframe information
transmitted. At the same time, it produces a hierarchy of meshes based on quin-
cunx sampling where coarse meshes are as similar to their finer versions as possible.
Depending on its interpolation error and the available bitrate, each filtered sample
is candidate for becoming a node of the wireframe. The result is a progressive se-
quence of wireframes consisting of more triangles wherever large variations in depth
exist and fewer in uniform regions. Experimental results demonstrate the usage and
performance of the algorithm.

Keywords: visualisation of surfaces, quincunx sampling, hierarchical representa-
tion

1 INTRODUCTION ature. Most attempt to establish math-

Polygonal surface approximations are an
essential preprocessing step in model
based video coding [1, 3] and scientific vi-
sualization [2]. In both areas, it is often
required to adapt the number of trian-
gles representing the object to the needs
of specific applications.

Several adaptive triangle reduction tech-
niques have been presented in the liter-

ematical criteria defining the importance
of each particular mesh vertex, so as to
remove it if unimportant and locally re-
triangulate the mesh. In [4], prominent
feature points are first selected (e.g., as
defined by edges of the object), based on
which a 2-D mesh structure is constructed
(e.g., by constrained Delaunay triangula-
tion). In [5] new points are added to an
initially uniform wireframe wherever large
reconstruction errors of the real surface



occur. Also, large triangles created by
non-rigid motion of the nodes of the wire-
frame, are divided into smaller ones. In
[6] the wavelet transform (WT) is used as
an overall mathematical framework con-
trolling the data approximation. In [7]
progressive meshes are introduced, and
complete correspondence between vertices
in different levels of the hierarchy is es-
tablished, something that cannot be eas-
ily achieved for triangles/faces at different
levels.

In this paper a novel procedure for hi-
erarchical representation of 3D surfaces
using 3D adaptive triangular wireframes
is presented. The procedure is based on
pyramidal analysis using the Quincunx
Sampling Minimum Variance Interpola-
tion (QMVINT) filters. These filters are
applied to the depth image of the surface
and each sample used by the filters in or-
der to predict a pixel depth value, along
with the pixel whose depth was predicted,
are candidates for becoming triangularly
connected nodes of the wireframe. Instead
of transmitting the actual depth values of
the wireframe nodes, the uncorrelated pre-
diction errors of the QMVINT pyramid
are transmitted, resulting in compression
of the wireframe information. The use
of these methods minimizes the variance
(which is a measure of the entropy) of the
error transmitted and therefore results to
optimal compression of the wireframe in-
formation transmitted. At the same time,
it produces a hierarchy based on quin-
cunx sampling where coarse meshes are as
similar to their finer versions as possible.
The triangulation is performed adaptively,
placing more triangles in highly detailed
areas where the larger prediction errors
occur. The triangulation algorithm is in-
tegrated with a bit allocation procedure
based on the variances of the prediction
errors at each hierarchy level. This proce-
dure extends from the coarser to the finer
level, until the desired detail of the wire-

frame is reached. Furthermore, precise
correspondence between triangles at each
level is achieved, resulting to a fully hier-
archical representation of the wireframe.
The number of nodes and triangles of
the resulting wireframe is not controlled
through a predefined threshold, as is of-
ten the case, but rather, it is integrated
with the available bitrate, either for stor-
age or for transmission purposes, through
the bit allocation procedure.

The paper is organised as follows. The
mathematical framework of quincunx
sampling and the QMVINT filters are in-
troduced in Section 2. The bit allocation
procedure is described in Section 3. The
prioritized transmission according to the
prediction error and the entropy estima-
tion are presented in Section 4. The adap-
tive triangulation procedure performed at
the receiver side along with the multires-
olution representation of surfaces are de-
scribed in Section 5. Experimental results
are given in Section 6.

2 OPTIMISATION OF 2D HIER-
ARCHICAL INTERPOLATION

Hierarchical interpolation based on quin-
cunx sampling has been widely use in
progressive image transmission terminat-
ing with a lossless version of the image.
This class contains the recently proposed
“Reduced Laplacian Pyramid” [9] as well
as the 2D version of the “Hierarchical
Interpolation” (HINT) method. Based
on these schemes, at the decoder/receiver
side the synthesis process takes place as
shown in Fig. 1. Referring to the syn-
thesis process in Fig. 1 it is assumed
that the black vertices arrive. This is a
low-resolution version of the original im-
age produced by the corresponding level
at the encoder side. On applying the quin-
cunx oversampling procedure, indicated
by 1 M, the grey vertices are created.
The value of these grey vertices is esti-



—_¢ EEEE

EEEm|
tm "TIL fu fu
EEER
| eeen '
Gy_4(24,2) : G,(zp2) Golzy2)
A AN
ok i %
[~ e e
N1 1.... 0 —>xo

Figure 1: Reduced pyramid with
quincunx sampling matrix M and
filters G;(z,,29). Black vertices
are input to level 1, grey ver-
tices are inserted as a result of
the quincunx upsampling procedure
and their values are estimated from
filters G;(z,, z2). The same proce-
dure is applied at the following level,
where the white vertices are intro-
duced. The corresponding triangu-
lation is shown in Fig. 2.

mated by interpolation of the previously
transmitted black vertices. The interpo-
lation procedure is performed by the lin-
ear filter with transfer function G1(z,, 22)
as shown in the figure. The estimated
value is then rounded, an operation indi-
cated by R in the figure. The interpola-
tion errors have been estimated at the en-
coder /transmitter side, as preciously de-
scribed.  Those transmitted errors are
added to the estimated values and the
real depth value for each vertex is ob-
tained. This procedure is continued at
the next level, where the white vertices
are introduced by the upsampling. The
associated proposed triangulation proce-
dure, that takes place in the receiver, can
be seen in Fig. 2. In Fig. 2(a) full tri-
angulation at each level of the algorithm
is shown, meaning that the error of each
vertex has been transmitted. In Fig. 2(b)
only some of the vertices are triangulated,
meaning that only vertices with higher er-
rors have been transmitted until the avail-
able for that level bitrate was exhausted.

PR B

Figure 2: The corresponding trian-
gulation of the interpolation proce-

dure shown in Fig. 1. (a) Ev-
ery vertex is triangulated, when er-
ror information for every vertex is
transmitted. (b) Only some vertices
are triangulated when only vertices
with higher errors have been trans-
mitted until the available for that
level bitrate has been exhausted.

Since quincunx sampling is to be used as
the basis for the triangulation procedure,
the optimum form of hierarchical inter-
polation based on quincunx sampling is
used in this paper. This optimum form,
presented originally in [11] guarantees the
smoothness of the depth information as
well as the optimization of the prediction
of depth information for coding purposes,
by minimizing the variance of the error in
each scale of the hierarchical representa-
tion.

Let M be the sampling matrix, M =
detM, p; the coset vectors of M, and q;
the coset vectors of M7, i =0,..., M —1.
It can be shown [11, 8] that the optimal
post-filter minimising the corresponding
mean-square error variance is obtained by

P, (e7)
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or by solving in the time domain the fol-



lowing equation

R, [Mt+p;] = ¢9[MK|R,[M(t—k)], Vt
k

For the design of these filters, it is nec-
essary to specify the spectral densities de-
scribing the class of depth maps which are
of interest. Two spectral density mod-
els, the “separable” and the “isotropic”,
appear sufficient for the accurate charac-
terization of the great majority of depth
maps encountered in practice. The opti-
mal post-filters are determined separately
for each of these models [11].

3 OPTIMUM BIT ALLOCATION

Depending on the capacity of the trans-
mission channel, a total size of B
bits/vertex is assumed to be transmit-
ted to the receiver for the creation of the
mesh. This information consists of the
prediction errors along with the position
information of the vertices. The available
bitrate is allotted to each level depend-
ing on the error variances and the num-
ber of vertices at this level. At each level
r=0,...N—1, where N is the total num-
ber of levels, P, i = 0,..., M® depth
values are predicted from depth values of
vertices at the previous level r — 1. Specif-
ically, if 02 is the sum of the error vari-
ances of all levels 02 = .7_ 02 then B, is

B,=% B.

4 ERROR  PRIORITIZATION
AND ENTROPY ESTIMA-
TION

At each hierarchy level the prediction er-
rors corresponding to all predicted vertices
are calculated and sorted with the vertices
corresponding to higher errors being put
first on the list. We shall assume that
entropy coding (e.g. Huffman or arith-
metic coding) is used, with an adaptive

probability model. In this case, the num-
ber of bits needed for error transmission
is the entropy R, of the errors of the L")
nodes transmitted. Using the quincunx
sampling geometry at the receiver, there is
no need to transmit the exact coordinates
of the position of each transmitted vertex.
The transmission of only a bit indicating
whether a vertex was transmitted or not,
suffices for the generation of the mesh at
the receiver side. Let the additional over-
head for the transmission of these bitmaps
be the entropy R,. The final cost of the
transmission of L") vertices is the sum of
the error entropy R, and the position en-
tropy R,.

5 ADAPTIVE TRIANGULA-
TION PROCEDURE

At the receiver side, a proper triangula-
tion representing the 3D surface is cre-
ated using the received information, the
QMVINT pyramid and the quincunx sam-
pling geometry. For each level r, P i =
0,...,L") vertices are received. The re-
sult of the triangulation procedure is a
valid mesh at each level r : W) =
(P TN where T",i = 0,...,K®
are the triangles of the mesh. Basic char-
acteristics of the mesh created are the
hierarchical representation of the surface
and the avoidance of creation of “cracks”
as defined in [6]. A crack occurs when-
ever vertices appear, which are not prop-
erly connected in a triangular mesh with
neighbouring vertices. In this case the sur-
face breaks up, holes appear and the con-
sistency required for normal interpolation
is lost.

At each level, for each new vertex received,
the following triangulation procedure is
applied.

Step 1 The synthesis stage of the QMVINT

pyramid and the received error infor-
mation are used to reconstruct the
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Figure 3: Depth value of P\ at

level r is predicted from Pk(f_l),

P,g_l), Pk(;"_l), P,i:_l) and in case
of triangulation, the triangles shown
at the scheme are created, in
(a) odd-numbered and (b) even-
numbered stages of the algorithm.

initial value of the depth of the ver-
tex,

1(PMY = 1Py + err(P") .

Step 2 The vertex P{" along with the ver-
tices used to predict the value of P,gr)
are added to the mesh. There are
two ways in which the depth value
of a vertex can be predicted in quin-
cunx sampling and the correspond-
ing triangulation for each is shown
in Fig. 3. In both cases, the ver-
tices added to W@ are : P and
P,g:_l),j =1,...,4, as shown in Fig.
3. Equivalently, the triangles added
to W) are the ones shown at the
scheme.

Step 3 If all P,C(;_l),j =1,...,4 are already
part of the mesh W=D  then no
cracks have been created by the tri-
angulation.

Else, for all P,g_l) which are not

part of W=D the triangulation
procedure starting from Step 1 is
performed, with r = r — 1 and
err(Pk(T)) = 0.

Step 4 The next vertex received is then tri-

angulated starting from Step 1.

The result of the procedure described
above is a mesh with more triangles over
highly detailed areas and fewer triangles
over uniform regions. The problems of
cracks and holes of the mesh are solved
by the algorithm described above. The
triangulation mechanism results in an ac-
curate and parsimonious representation of
the surface. An important advantage of
the algorithm is that all triangles created
at each level are of uniform shape and no
triangles of irregular shapes are created.

5.1 Hierarchical Representation of
Surfaces

An important advantage of this algorithm
is that each parameter of the surface trian-
gle estimated at level r (e.g. rigid motion)
corresponds to the same parameter of a
unique triangle at level r—1. This is useful
in many applications such as when artic-
ulation of a mesh based on the motion of
each triangle at a coarser level is estimated
and must be carried over to a finer level
([3]) for use in rigid or non-rigid motion
estimation. This articulation procedure is
based on the homogeneity of parameters,
such as rigid 3D motion, color and depth,
estimated for each sub-object, which con-
sists of a number of interconnected trian-
gles of the 3D model.

For each triangle Tl(r) at level r the corre-
sponding triangle TU=1 at level r — 1 is
found using the hierarchy function :

B (1) =1

This is tabulated every time a new ver-

tex P” is added to the mesh W for all

new triangles : Pk(z_l) , P ,P,g:_l) where

(av b) = {(17 2)7 (27 3)7 (37 4)7 (47 1)}:

r r—1 r r—1 r—1 r—1 r—1
L (P BYIPS Y = (R RV R

where ¢ = 1,2,3,4 and in any case a # ¢
and b # c. Triangle {P VP PIY}

b



belongs to W), and {P,g_l)P,gZ_l)P,g_l)}
belongs to W1, Clearly, complete cor-
respondence between meshes created at
each level is established in this manner.

6 EXPERIMENTAL RESULTS

The proposed hierarchical adaptive tri-
angulation algorithm of 3D surfaces was
evaluated for 3D mesh adaptive represen-
tation and compression of real surfaces.
The “Venus” dense map used was created
from range data obtained from a laser scan
of a statue. The original depth map is
shown in Fig. 4. The original surface vi-
sualised in the 3D space is shown in Fig.
5.

The algorithm was tested for the creation
of adaptive meshes coded at 0.5 bits per
vertex. This resulted in adaptive 3D mod-
els able to reproduce with sufficient accu-
racy the original surfaces, with much fewer
vertices and triangles than the originals,
as well as very low bitrate transmission
requirements, compared with the original
entropy of the depth maps. The meshes
and the reconstructed surfaces for levels
0, 1 and 2, for the “Venus” sequence are
in Fig. 6,7, 8,9, 10 and 11.
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