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Abstract based coders were proposed for the Intra mode [12, 6]. In [7]

This paper investigates the problem of optimal lossy encoding this problem was solved optimally and jointly with the variable-
of object contours in the Inter mode. Contours are approximated length code selection. In this work we extend this operational
by connected second-order spline segments, each defined by thregate-distortion (ORD) optimal framework to take into account the
consecutive control points. Taking into account correlations in temporal redundancies present in typical video sequences and de-
the temporal direction, control points are chosen optimally in the velop an Inter mode ORD optimal coder.
rate-distortion (RD) sense. Applying motion to contours in the In addition to arriving at the ORD optimal representation for a
reference frame followed by the temporal context extraction, we particular coding framework, characterized by fixed VLC tables,
predict the next control point location, given the previously en- the second objective of this paper is to find the set of parameter
coded one. Based on the chosen differential encoding schemeVLC tables resulting in the most efficient ORD curve.
and an additive MPEG4-based distortion metric, the problem is This paper is organized as follows. The algorithm structure is
formulated as Lagrangian minimization. We utilize an iterative presented in Sec. 2. The additive distortion metric is discussed
procedure to jointly find the optimal solution and the associated in Sec. 2.1. Temporal context extraction and the control point
DPCM parameter probability mass functions. encoding issues are described in Sec. 2.2. Section 2.3 describes
1. INTRODUCTION h_ow the problem can pe fprm_ulated asa shortest path problem and
discusses VLC optimization issues. Finally, results are presented

One of the important problems in object-oriented video cod- and discussed in Section 3.

ing is the operationally optimal allocation of available bits among
texture, motion, and shape components, as well as, within each 2. PROPOSED ALGORITHM
component separately.

Th ks of bound L d i q In this paper we solve the problem of contour approximation
€ tasks of boundary estimation and encoding are separate optimally in the ORD sense. Contours are approximated by con-

in MPEG-4, although there have been some efforts to couple the |\ o 4ond_qorder B-spline segments, each defined by 3 consec-
two [4]. In the process _of evaluating competlng' techniques for' utive control points,(pu—1, pu, put1). Thus an ordered set of
the standard, sev_eral'blnary COderS were cqn5|dered. Up until ool points constitutes a code for a shape approximation. A
now, however, optimality was lacking from their Inter, as well as, - ond_qrqer spline is a parametric curve that starts at the midpoint
Intra, mode of operation. In the context-based (CAE) framework betweerp,_1 andp, and ends at the midpoint betwegn and

[11, tempor_al redundancy_|s capitalized upon by (_jomg motlpn pu+1 as the parametdr sweeps fronD to 1. These midpoints
compensation and extending the context template into the neigh- e 5150 called knots. A precise mathematical definition of this
boring pixels of the reference frame. This operation is then fol- ., is given in [6]. A sequence af-order B-splines solves
Io_vve_ld kl’y (a;]d-hoc) Intra mode tecrlmlq_urelzs to achl_(:fve re]:te control. e interpolation problem at the knots, while being differentiable
Similarly, the MMR Inter mode algorithm [13] differs from its o\ ery\vhere, including the knots. This smoothness property, cou-
ad-hoc Intra mode counterpart in the choice of pixels serving 8S pled with the simplicity of definition, makes B-splines a natural
context. In the Baseline approach (Inter mode) [5] a contour in choice for the shape coding applications.

the current frame is approximated through global and local mo- Although an ordered set of control points defining approxi-

tlont k?y a coniﬁur '2 tlr(]je pr(;svclio_ustl;]rar?et, with grea? et);]ceedlng af mating splines may contain elements from anywhere in the im-
certain error thresnold coded [n the Intra mode. In the case o age, it is unlikely that locations far from the original boundary

_the vertc_ax-based polynomial coder§ [2. 8], tempO(aI redundancy would lead to an ORD optimal approximation. This leads nat-
1S e?(pI0|ted by applying global motion compensation and Intrz_:l- rally to the concept of the admissible control point band [11],
coding error segments whose error exceeds some predetermine hus excluding all pixels located farther than the band width away

threshold. Clearly none of these approaches are operationally op- . - .
timal since they fail to take the tradeoff between the rate and the from the original boundary from consideration.

distortion into account, and they do not use the distortion metric 2.1. Distortion

used for their evaluation in the encoding process. Distortion between an original boundary and its approxima-
We have previously proposed optimal approximations of a tion can be quantified based on either a (non-additive) maximum

given boundary based on curves of different orders and for vari- operator or an (additive) summation operator. In MPEG-4 the

ous distortion metrics [3]. Recently, operationally optimal vertex- following additive distortion metric has been used per frame to



evaluate performance of competing algorithms: Contexts are generated based on the motion compensated ob-
ject for each pixel in the admissible control point band. These
(2) contexts serve a dual purpose by adaptively selecting a probabil-
ity model describing the location of the next control point and by
where a pixel is said to be in error if it belongs to the interior of providing a referencéangle,cs, run,.s) used by the DPCM
the original object and the exterior of the approximating object, scheme to encode that location. Figure 2 depicts a hypothetical
or vise-versa. context window in the reference frame after motion compensa-
Spline segment distortions need to be defined in order to eval- tion. Centered on a pixel in the admissible control point band,
uate the total (additive) boundary distortion. This is done by first it is used to extract both the most likely direction and the most
associating segments of the approximating curve with segmentslikely length of the vector pointing from that pixel to the next po-
of the original boundary, as shown in Fig. (1). Here the midpoints tential control point. That s, if an actual control point is located at
of the line segmentg(,_1, p.) and @u+1, pu), [ andm, respec- the current position, this context estimates where the next control
tively, are associated with the points of the boundary closest to point is most likely to be. The directional context is obtained by
them,!’ andm’. That is the segment of the original boundary
(', m') is approximated by the spline segmehit). 2
Let us now define byd(py—1,pu,pu+1) the spline seg- |
ment distortion, as shown in Fig. (1). Specifically, to calculate \

number of pixels in error
number of interior pixels

DypEcs =

d(Pu-1/PusPu+1)

Pu+1 \. /k_.

Original
boundary Figure 2: Control points (X marks) and boundary pixels (circles)
in a temporal context window. Context: NW direction, run of 4.

Pu -

Figure 1: Area between the original boundary segment and its

spline approximation (circles). selecting the direction in which the maximum number of bound-

ary pixel transitions occur, based on the chosen pixel ordering
d(p Pu,Pus1) We count the pixels in error after quantizing scheme. This corresponds to the North-West (NW) direction in
u—1y Puy Pu+l H F H H _
the continuous spline to fit the pixel grid of the image. These pix- .F'g' (2). Similarly, the run Iength cc_mtext i obtained by selec_t
els are shown as hollow circles in the figure. Special care must 'ng th? m(.JSt fTeqﬁe”t'Y occurrlngh_dlstance lbetweenl conshecltjtlve
be taken when solving the correspondence problem to ensure thaﬁgggginpog]m; :Zts\f\glrgl?& In this example, a run length of 4,
the starting boundary pixel of the next segment coincides with g he di " h. | h h
the last boundary pixel of the current segment and that error pix- . Once the direction and the run length contexts have been de-
els on the border line between andm’ are not counted twice termined, a context-dependent variable-length code is used for
when computing the next segment distortion. Based on the seg-COding the location of t.h?’ next_ control poin_t of the object in the
ment distortions, the total boundary distortion is therefore defined currgnt f_rame. Clearly, itis desirable to assign s_horter codewords
to directions and runs closest to the context. Figure (3A) shows

by Np a typical direction probability distribution, given the NW con-
_ text. Here vector lengths are proportional to the probability of
Dipo,...pve-1) = Zd(pufl’pu’p”l)’ @ the corresponding direction. Sometimes the context information
v=0 may not be available due to inhomogeneous motion, occlusion, or
whereN, is the number of control points and ; = py,+1 = lack of the reference frame. In that case, we revert to the INTRA
PN, = po. The last equality ensures that an approximation to @ mode and the direction is encoded with respect to the previously
closed contour is also closed and simplifies implementation. encoded direction in the same object. This concept is illustrated
2.2. Temporal Correlation and Rate in Fig. (3B), where the dashed line represents the previously en-

Object boundaries and control points representing them ex- coded direction, and the solid-line vectors represent the 4 equally
hibit correlation in the temporal direction. To capitalize on this probable moves. Similarly, a hypothetical but likely conditional
we employ global motion compensation to align a previously en- probability distribution for the run length is shown in Fig. (4A)
coded object with the current object. The global motion vector for the case the context is 4 and in Fig. (4B) for the case the con-
is chosen to minimize the number of mismatched pixels. We em- text is unavailable. The issue of selecting efficient variable-length
ploy the(angle, run) framework, also used in the INTRAmode  codes for the direction and the run will be discussed in Sec. 2.3.
[12, 7], to encode consecutive control point locations. Regardless of the context, the first control point location is en-
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| We convert the above constrained minimization problem into
| an unconstrained one by forming the Lagrangian

! Ix(po, ..., PNp—1) =
”””””””” | D(po,...,pNp—1) + A R(po,...,pNp-1), (5)

‘ where for any choice of the multipliex, J is the cost function
! ! to be minimized. The above cost function is expressed as a sum
! ! of incremental spline segment costs defined as,

e W(Pu—1,Pu, Put1) =

Figure 3: Probability assignments for the direction (proportional d(pu—1,Pu, Put1) + A T (Pu—1,Pu, Pusr1).  (6)

to vector lengths), (A) context is NW, (B) no context. . . .
gths), (A) ®) The optimal set of control pointyg, ..., p, _1) is then found

e R T TP e | by casting the problem as a shortest path in a Directed Acyclic
| Graph (DAG) with control points playing the role of vertices and
incremental costs () serving as edge weights [3]. Dynamic Pro-
‘ gramming (DP) is employed to find the shortest path in the DAG
: for a fixed rate-distortion tradeoX. We employ a Bezier curve
search [10] in order to arrive at', the multiplier resulting in the
T T total rate closest to the target ratel®f, ..., in very few iterations.

1 2 2 8 1 1 2 2 8 12 | The optimal solution to the shape coding problem in the IN-
! 3 TRA mode was shown in [7] to be highly sensitive to the VLC
! (A) (B) : table used. An iterative procedure for finding a locally optimal

parameter distribution model was proposed. In this work we ex-
tend this idea to the INTER mode by removing the conditioning

of the operationally optimal solution on an ad-hoc VLC. That is,

the conditional optimization of

Figure 4: Probability assignments for the run length (proportional
to vector lengths), (A) context is 4, (B) no context.

coded absolutely and that cost together with the cost of sending {po - Php-1} =
a global motion vector, constitutes an overhead outside the realm argl] min  [D"()+X- R ()]|VLCyized] (7)
of the ORD optimization described in Sec. 2.3.

If r(pu—1,Pu, Pu+1) denotes the segment rate for represent-

NG pu.11 Given control points, 1, pe, then the total rate is given is converted using an iterative procedure [9, 7], depicted in Fig. 5,

into the following problem:

by
pling {Ps PN 1} =
B yer s PNp—1) =
R(po;...,pnp-1) = Z r(Pu=1,Pu; Put1)- ©) arg min [D*(-)+)\-R*(~)], (8)
u=0 P>+ PNp—1;fEF

The idea of using contexts for INTER mode shape coding is not . . . .
new. However, unlike the CAE [1] and the MMR [13] coders, where f is the parameter probability mass function conditioned

which use contexts to predict whether a given pixel belongs to the on tgebqngtntextaHlencefthe Zha'pil appr;grggtlontgnd”the parameter
boundary, we avoid pixel-level noise effects by applying contexts probability model are found jointly an optimary.

to more noise-resilient features, such as, the localized boundary 1€ iteration process begins with the proposed INTER mode
orientation and smoothness. encoder compressing the input binary images based on a given

2.3. Determining the Optimal Solution ra_te-dl_stortlon tradeofh and some initial probability models fc_)r
Having defined the total distortion and rate in the previous (.d irection — contexy _a_lr}d fun — contex parameters. Condi-
. ) . L i tional symbol probabilities rather than codeword lengths are used
section, we are solving the following optimization problem: S . )
by the encoder in this iterative process. Hence, symbol entropies

min D(po,...,pnp_1), subjectto: —plog p take the place of the bit-rai€) and R() in Egs. (5) and

POs-PNp—1 (6).
R(po,...,pnp-1) < Rmaz, (4) Having encoded the input sequence at iteraipiased on
the probability mass functioii* (), we use the frequency of the
where both the location of the control poinisand their over- output symbols to computg®**(), and so on. It is straightfor-

all numberNp have to be determined. It should be understood, ward to show that the total co®@* () + X - R() in Eq. (5) is
however, that the solution to this problem is optimal only within a non-increasing function of the iteratién This procedure is

the chosen code structure. Thus, a different motion compensa-guaranteed to converge and the iterations stop when the cost im-
tion scheme, a different set of VLC tables, a wider control point provement is less than Finally, the symbols are arithmetically
band - all may result in a more efficient ORD performance of the encoded and sent to the decoded together with their associated
algorithm. probabilities, which are fixed for the entire video sequence.
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3. RESULTS AND CONCLUSIONS

Figure 6 shows the ORD curves of the proposed (INTER
mode) algorithm for the SIF sequence “kids”. The distortion axis
dn, represents the average of thesprca’s defined in Eq. (1)
for one frame, overl00 frames. As the figure demonstrates,
our result compares favorably with the both the baseline [5] and
the vertex-based [8] algorithms in the INTER mode across most
of the range of bitrates. Also, as expected, it outperforms the
ORD optimal INTRA mode encoding without VLC optimization
(shown witho symbols). The proposed algorithm produces rela-
tively better results in the low bitratd?( < 1000 bits per frame)
region. In the very low distortion regioni{ < 0.015) of op-
eration, however, the proposed algorithm requires more bits than
both the baseline and the vertex-based methods. This is due to
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Figure 6: Rate-Distortion curves.
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structure (direction plus run) is inefficient. We trained our VLC
model iteratively on the first 10 frames of the test sequence and
used that model to encode the rest of the frames. However, in
principle, VLC optimization could have been performed itera-
tively on all 100 frames of the sequence.

In this implementation, 8 directions (separated4§) were
allowed in the case the context is present. They are encoded dif-
ferentially with respect to the context and correspond to the 8 out
of 12 conditional symbols for the direction component. The other
4 symbols are used when a context is not present (see Fig. 3B).
The run component was represented by 20 symbols, with only 5
symbols (corresponding to runs of 1, 2, 4, 8, and 12) used for any
given context. Bit-rate reported in Fig. 6 for the proposed method
takes into account bits for the global motion vectors, searched in
a32 x 32 window.

Despite its ORD optimality, it is important to recognize that
the results of the proposed algorithm do not differ significantly
from the best INTRA mode results [7]. Further efficiency can
be gained with the use of more sophisticated motion model and
context utilization. For example, the affine motion model and/or
segment motion can lead to more useful contexts.
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