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ABSTRACT

A rate-distortion framework is used to de�ne a very
low bit rate coding scheme based on wireframe model
adaptation and optimized selection of motion estima-
tors. This technique achieves maximum reconstructed
image quality under the constraint of a target bitrate
for the coding of the motion vector �eld, the wireframe
representation information and the prediction error. Ex-
perimental results illustrating the performance of the
proposed techniques in very low bit rate image sequence
coding application areas are presented and evaluated.

1 INTRODUCTION

A great deal of attention has recently been directed to
the area of very low bitrate image sequence coding. This
is mainly due to the maturity of new applications such as
videophone services, interactive multimedia databases,
remote sensing and many others. The key requirement
for these applications is lower demand for channel ca-
pacity for transmission or storage, in order to use the
already existing communication networks.
The transmission of full motion video through limited

capacity channels is critically dependent on the abil-
ity of the compression schemes to achieve target bit
rates while still maintaining acceptable visual quality.
In order to achieve this, motion estimation and motion
compensated prediction are frequently used, so as to re-
duce temporal redundancies in image sequences. Block-
based motion estimation techniques have been exten-
sively studied and applied for very low bitrate coding.
However, the performance of these techniques in such
low bitrates is restricted by well known limitations such
as the block and mosquito artifacts. More sophisticated
techniques are required to maintain the distortion bel-
low the level of annoyance.
In most model-based video compression algorithms, it

is desirable to select both the adaptation of a wireframe
to an image (which segments an image into objects ) and
the motion estimation method for each object, adap-
tively so as to best represent the motion of each part
of the image. For example, in a typical videophone se-
quence, rough object subdivision combined with a trans-

lational or a�ne 2D motion estimationmodel would suf-
�ce for the description of the motion of most parts of
the foreground object while much �ner object subdi-
vision, perhaps down to the size of very small triangles
and more sophisticated 3D motionmodels would be best
suited for the description of mouth and eye motion.

An elegant framework for the de�nition of such a
strategy is provided by the classical rate-distortion (R-
D) constrained minimization procedure. Recently, rate-
distortion optimization was used for the development of
e�cient motion and disparity estimation strategies [1].
The present paper, extending the results of [2], investi-
gates the use of this methodology for wireframe model
adaptation and hybrid motion �eld estimation under the
constraint of a target bitrate for the coding of the vector
and wireframe information. Wireframe model adapta-
tion is performed using rate-distortion criteria and is
fused with motion estimation by selecting for each tri-
angle of the wireframe, the optimum motion estimator
from a predetermined set of candidate motion estima-
tors.

2 WIREFRAME MODEL ADAPTATION

For the generation of the 2D model object, the scene
information is modeled using a wire mesh. We shall
generate a surface model of the form

P = S(P̂) ; (1)

where P̂ is a set of 2D \control" points P̂ = f(xi; yi); i =
1; : : : ; Ng that determine the shape of the surface and
P = (x; y) is a 2D point in the image plane. An initial
choice for P̂ is the regular tessellation.

The wireframe model is then assumed to consist of
sub-objects (triangles) which exhibit di�erent motion.
The wireframe information is assumed to be completely
described by a quadtree, whose nodes indicate if a tri-
angle is split or not. The re�nement of the object seg-
mentation procedure (i.e. the wireframe adaptation) is
performed by splitting the triangles, based on a rate-
distortion optimization procedure that will be described
in detail in the following section. Splitting is based on



the procedure illustrated in Figure 1. For the estima-
tion of the object motion a hybrid motion scheme is pro-
posed which is also optimized based on rate-distortion
optimization criteria.

3 HYBRID MOTION ESTIMATION

Modeling of the motion information by translation,
zoom and pan, or a 3D rotation and translation, has
been used in translational, a�ne and 3D motion esti-
mators. Experimental results have shown that a�ne 2D
motion or 3D motion models may represent e�ciently
the displacement occuring in typical scenes ; however
most parts of the image may be coded very satisfactorily
using only translational motion (e.g. the background).
Moreover, the complexity of the a�ne and 3D motion
estimation algorithms is higher than the complexity of
the translational scheme.

Based on the above observations, we propose the use
of all these models for the motion compensated coding
of the objects of a scene, within a rate-distortion frame-
work optimizing both the wireframe adaptation and the
motion estimation. The alternatives are :

1. The motion of the object is insigni�cant. No motion
vector is transmitted and the previous estimate for
this frame is considered su�cient.

2. Translational motion is used to compensate the mo-
tion of an object. A two-component motion vector
is transmitted.

3. An a�ne 2D motion model is used to represent the
motion of an object. The six model parameters are
transmitted.

4. A 3D motion model represents best the motion of
an object in the scene. The eight motion model
parameters are transmitted.

4 WIREFRAME MODEL ADAPTATION US-

ING RATE DISTORTION OPTIMIZA-

TION

Let a wireframeW adapted to the image plane consist-
ing of Ns triangles si : W = fsi; i = 1; : : : ; Nsg. Each
triangle is assumed to be coded using one of the motion
estimation techniques described in the previous section.
For each candidate motion estimator Mj 2 M, M =

fMj; j = 1; : : : ;Mg, let V(j) = fv
(j)
i ; i = 1; : : : ; Nsg for

j = 1; : : : ;M , be the corresponding set of triangle mo-
tion vectors. The general joint vector �eld estimation
and wireframe adaptation algorithm aims to minimize
the distortion D of the reconstructed image sequence,
under a constraint Rbudget on the rate for the trans-
mission of the vector �eld and the corresponding wire-
frame information. This corresponds to the following

constrained optimization problem :

min
fv(j)

i
2V(j);j=1;:::;M & si2Wg

NsX

i=1

D(vi; si) ; (2)

subject to
NsX

i=1

R(vi; si) � Rbudget ;

where Ns is the total number of objects (triangles) in
the image, D(vi; si) is the contribution of the decision
(vi; si) to the distortion function and R(vi; si) is the
contribution of the same to the total rate or cost of the
transmission of the motion vectors and the wireframe
information.
The methodology in [3] permits the transformation of

the above into an unconstrained optimization problem.
In fact, as shown in [3] (the proof is also contained in [4]),
the solution fv?i (�); s

?
i (�); i = 1; : : : ; Nsg of the problem

of unconstrained minimization of

J(�) =

NsX

i=1

D(vi(�); si(�))+�

NsX

i=1

R(vi(�); si(�)) ; (3)

is also a solution of (2) if

Rbudget =
NsX

i=1

R(v?i (�); s
?
i (�)) : (4)

The problem therefore, reduces to ensuring that (4)
has a solution for f(vi(�); si(�); i = 1; : : : ; Ns)g and
determining this solution. This was investigated from
a general viewpoint in [4], where it was shown that
R(v(�); s(�)) and D(v(�); s(�)) are monotonic func-
tions of the Lagrange multiplier �, which may be in-
terpreted as a quality index, with values ranging from
0 (highest rate, lowest distortion) to 1 (lowest rate,
highest distortion). Further investigation in [5] proved
that the solution of (4) may be obtained using any fast
convex algorithm such as the bisection algorithm. One
such algorithm,which gave very good results in [5] is also
adopted in the present paper. The overall procedure for
the determination of the optimal wireframe model and
motion estimator consists of the following steps.

4.1 Initialization

In the present work the wireframe modelW is assumed
to be completely described by a quadtree T = fnij; i =

0; : : : ; log(K); j = 1; : : : ; 2ig, (i.e. nij is the jth node at
scale i) where K � K is the dimension of the image.
Using the quadtree information the corresponding wire-
frame model can be created. Associated with each node
nij of the quadtree T is a data structure of the form :

f
~Ri
j;
~Di
j;
~J ij; split(n

i
j)g where ~Ri

j is the entropy associ-

ated with the current node, ~Di
j is the distortion corre-

sponding to the reconstruction of the triangle associated



with the current quadtree node, ~J ij is the corresponding

Lagrangian cost and split(nij) is a bit indicating if the
current node is split or not.

The proposed joint motion estimation and wireframe
adaptation algorithm begins by gathering the motion
estimator set dependent (Rm(n); Dm(n)) values for each
node n 2 T , and for each m 2M(n), to generate the R
versus D values for each node. In the following, the two
stages of the rate-distortion optimization algorithm are
presented i.e. (a) �nding the optimal solution for a given
operating slope � and (b) determining the optimal slope
�. Stage (a) of the algorithm is run for a given slope
value � and could be considered a subroutine called by
stage (b) of the algorithm.

4.2 Finding the optimal solution for a given op-

erating slope �

For the current �, populate all the nodes nij of the tree

with their minimum Lagrangian costs J ij(�), i.e.:

J ij(�) = min
m2M

[Dm(�) + �Rm(�)] :

The cost is minimized with respect to the choice of mo-
tion estimation for node nij using the technique in [2].
According to this technique the procedure is initialized
by considering the optimal motion estimator for each
possible object, for the speci�c value of �. The segmen-
tation algorithm starts then by considering the whole
image as a node of the quadtree which is split in four if

J ij(�) > ~J i+12j (�) + ~J i+12j�1(�) +
~J i+12j�2(�) +

~J i+12j�3(�) (5)

The process is repeated until no further splitting of the
triangles is selected.

4.3 Determining the optimal slope �

First two values �l < �u of � are found so that

NsX

i=1

R(vi(�u); si(�u)) � Rbudget �

NsX

i=1

R(vi(�l); si(�l)) :

Note that the initial wireframe modelW(�u) of the �rst
frame of the image sequence, selects the whole image
to be a single object, while for the subsequent frames
W(�u) is the optimal wireframe model corresponding
to the previous in time frame. Similarly, W(�l) corre-
sponds to the wireframe model resulting by full splitting
of the wireframe until the minimum allowed object (tri-
angle) size is reached.

For the coding of a sequence of frames, the values of
�l, �u are chosen to be �l = 0, �u = 1 for the initial
frame and �l = 0:8��, �u = 1:2�� for subsequent frames,
where �� is the solution of (4) for the previous frame.
The bracketing interval is then successively decreased in
size by applying the bisection algorithm.

5 APPLICATION TO VERY LOWBIT RATE

IMAGE SEQUENCE CODING

In order to evaluate the performance of the proposed
approach for very low bitrate coding, the algorithm
was applied to the typical QCIF sequences \Salesman"
and \Foreman". The frame rate of the sequences was
10 frames=sec.
For very low bitrate video coding applications the

proposed algorithm was applied to groups of pictures
(GOP), with the bit allocation assigned adaptively to
each frame of the sequence in order to optimize the
transmission bitstream. More speci�cally, the total bi-
trate is given for the coding of the whole GOP and the
rate is allocated to each frame according to the frame
di�erence between the current frame and the preceding
in time frame. Thus, if Rtarget is the target bitrate for
the coding of the whole GOP and

FDi =

N1X

k1

N2X

k2

jimi(k1; k2)� imi�1(k1; k2)j

is the frame di�erence between frames i and i � 1, and
N1; N2 are the image dimensions, the bitrate is allocated
as follows

R
(i)
budget = Rtarget

FDiP10
i=1 FDi

:

Then for each frame, a percentage of the total budget

R
(i)
budget (60 % in our experiments) is allocated to the

coding of the motion vector and wireframe information,
and the remaining rate is allocated to the coding of the
prediction error image.
The proposed coder which includes optimization of

the wireframe representation, the motion estimation and
the error transmission was then applied for the cod-
ing of the \Salesman" and \Foreman" QCIF sequences.
Two target bit rates were tested : 28:8 Kbits=sec and
64Kbits=sec. Figures 2 and 3 compare the performance
of the proposed scheme with the technique in [2] in terms
of PSNR versus bitrate for the coding of the �rst �fty
frames of \Salesman" and \Foreman". The technique
in [2] performs rate-distortion optimization of a block-
based segmentation and the corresponding motion esti-
mation for each object. As seen, the proposed technique
overperforms slightly the technique in [2] in terms of
PSNR versus frame number for the same bitrate. Note
that the coder performance remains stable providing a
high quality image without the intervention of a new
intra-coded image before the end of the whole sequence.

6 CONCLUSIONS

A rate-distortion framework was used to de�ne a very
low bit rate coding scheme based on wireframe model
adaptation and optimized selection of motion estima-
tion and transmission of the prediction error. This tech-
nique achieved maximum reconstructed image quality



under the constraint of a target bitrate for the coding
of the vector and wireframe model description informa-
tion. Experimental results in application to the coding
of typical videophone sequences have demonstrated the
excellent performance of the proposed very low bit-rate
video coding scheme.
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Method Percentage
of Selection (%)

No motion 38.57
Translational 47.26
A�ne 2D 10.43
3D motion 3.74

Table 1: Average percentage of selection of the candi-
date motion estimation methods used for the coding of
\Salesman", \Foreman" and \Tunnel".
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Figure 1: The method used for splitting triangle ABC
to triangles ADF, BDE, CFE and DEF.
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Figure 2: Comparison of the performance of the pro-
posed rate-distortion optimized hybrid coder (indicated
with the pre�x T-) with the block-based technique de-
scribed in [2] (indicated with the pre�x B-) for the cod-
ing of \Salesman" at 64 Kbits=sec and 28:8 Kbits=sec.
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Figure 3: Comparison of the performance of the pro-
posed rate-distortion optimized hybrid coder (indicated
with the pre�x T- in the diagram) with the block-based
technique described in [2] (indicated with the pre�x
B-) for the coding of \Foreman" at 64 Kbits=sec and
28:8 Kbits=sec.


