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In this paper, we address the problem of the efficient encoding of requirement: video content has to be easily accessible on
object boundaries. This problem is becoming increasingly impor- an object basis.

tant in applications such as content-based storage and retrieval, Given the application requirements, video objects have
studio and television postproduction, and mobile multimedia appli- ’

cations. The MPEG-4 visual standard will allow the transmission 0 be described not only by_ texture but also by shape. The
of arbitrarily shaped video objects. The techniques developed for importance of shape for video objects has been realized
shape coding within the MPEG-4 standardization effort are de- early on by the broadcast and movie industry by employing
scribed and compared first. A framework for the representation of o so-called chroma-keying technique. Coding algorithms

shapes using their contours is presented next. Such representation:?.k biect-based Vs thesi di 1 h
are achieved using curves of various orders, and they are optimal 1K€ Object-based analysis-synthesis coding [1] use shape as

in the rate-distortion sense. Last, conclusions are drawn. a parameter in addition to texture and motion for describing
Keywords—Boundary coding, MPEG-4, rate-distortion theory, moving V'deq ObJeCFS' Secgnd-generann. Image cod|n.g
shape coding, video coding. segments an image into regions and describes each region

by texture and shape [2]. The purpose of using shape was to
| INTRODUCTION achieve better subjective picture quality, increased coding
' efficiency as well as an object-based video representation.
With video being a ubiquitous part of modern multimedia  MPEG-4 visual will be the first international standard
communications, new functionalities in addition to the con- 5j1o\ing the transmission of arbitrarily shaped video objects
ventional compression provided by existing video-coding (VO's) [3]. A frame of a VO is called a video object plane
standards like H.261, MPEG-1, H.262, MPEG-2, and H.263 (VOP) FOlIOWing an ObjeCt-based approach, MPEG-4 vi-

are required for new applications. Applications like digital sual transmits texture, motion, and shape information of one
libraries or content-based storage and retrieval have to aIIowVO within one bitstream. The bitstreams of several VO's
access fo video Qata based on object descnptpns, Whe_reand accompanying composition information can be multi-
objects are described by t_exture, §hape, and "_‘0“0”: _StUd'OpIexed such that the decoder receives all the information to
and television postproduction applications require editing of decode the VO’s and arrange them into a video scene. This
video content with objects represented by texture and Shape'results in a new dimension of interactivity and erxibiiity
For collaborative scene visualization like augmented reality, for standardized video and multimedia applications
we want to place video objects into the scene. Mobile Aft . f obiect-based cod d sh ' 4-
multimedia applications require content-based interactivity . er a review of object-based COers and shape co
and content-based scalability in order to allocate a limited N9 (Secthn Il), this paper pro.V|des-an overview of the
bit rate to different semantic parts of a scene and to fit the M algorllthms for shape, as mves:tlgated \{wt.hm MPEG'
individual needs. All these applications share one common % in Section lll. Two types of VO's are distinguished.
For opaque objects, binary shape information is transmit-
ted. Two bitmap-based (Section llI-A), two contour-based
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In Section IV, contour-based coding is revisited. A does not behave according to the underlying source model
framework is presented for obtaining optimal lossy and hence cannot be predicted using motion-compensated
encoding results in the operational rate-distortion senseprediction alone. These regions are called model failures.
(Section IV-A). In Section IV-B, different distortion Parameter coding encodes the motion parameters. Using
measures that can be used in boundary encoding arghese motion parameters, motion-compensated prediction
described. In Section IV-C, issues concerning the rate is employed to increase the coding efficiency of the shape
required to encode the boundary are discussed. Morecoder. Last, the shape and texture of the model failures are
specifically, we discuss prediction methods to encode the coded.
control points or vertices and how this is related to the order The coding efficiency of OBASC mainly depends on the
of the dynamic programming used to solve the problem. selection of an appropriate source model and the availability
In Sections IV-D and IV-E, we present several solution of an automatic image analysis, which estimates the model
approaches to the problem, followed by experimental parameters from the video sequence to be coded. Different
results in Section IV-F. Last, in Section V, we present source models like two-dimensional (2-D) flexible object
our conclusions. with 2-D motion, 2-D rigid objects with three-dimensional
(3-D) motion, and 3-D rigid and flexible objects with 3-

D motion were investigated [6]-[10]. The source models
using flexible surfaces proved to be particularly successful
and outperformed the H.261 coder [8], [9] for video-phone
A. Concepts test sequences at 64 kbit/s and below. For shape coding,

Two concepts were developed that introduced shape@ polygon approximation of the object was used. Lossy
coding into image and video coding. In 1985, a region- Shape coding was used in order to save bit rate. The degree
based image-coding technique was published [2]. To encodeof lossiness was determined by subjective experiments.
an image, it is first segmented into regions of homogenous However, OBASC was mainly successful for simple video
texture. In a second step, each region is encoded bysequences due to lack of a robustimage analysis. Therefore,
transmitting its contour as well as one value for defining Segmentation of moving objects within an object-based
the luminance of the region. Rate control is achieved by coder was investigated [11]. It has to be noted that the
controlling the number of segmented regions. The assump-success of OBASC is due to the introduction of shape
tion is that the contours of regions are very important coding and the use of a motion model able to describe
for subjective image quality, whereas the texture of the flexible deformation, thus allowing one to limit the areas
regions is of lower importance. In [4], this concept is ©Of model failure to small image regions. MPEG-4 only
extended to code video. Since the available data rate isimplements a shape coder but does not allow modeling
mosﬂy used for the Coding of region contours, contours of flexible motion due to the use of regular block-based
of image regions are very well preserved. The coder is motion compensation. There are two reasons for this choice:
very well suited for coding of objects with flat textures, At the time of subjective testing, OBASC was not able
since any discrete cosine transform (DCT)-based coder hago outperform the block-based reference coder for scenes
significant problems in representing sharp edges. However,with complex motion. Furthermore, the computational com-
texture detail within a region gets lost. In the case where plexity of source models allowing flexible motion [8], [9],

a fairly homogenous region of the original image gets [12], [13] is significantly higher than block-based motion
coded by more than one region, contouring artifacts appear.compensation.

These coding artifacts did not compare favorably with Since MPEG-4 defines a video decoder, the problem
the block and mosquito artifacts of an H.261 coder. In Of image analysis was avoided by using presegmented
subjective tests, MPEG-4 confirmed that a block-based Video sequences named VO's as coder input. This deci-
coder compares favorably to a region-based coder [5] whension allowed the development of an object-based video
encoding rectangular video sequences. coder. Although automatic segmentation is still an open

Whereas a conventiondtame-based video coddike research topic, segmentation is widely used in controlled
MPEG-1 or H.263 encodes a sequence of rectangu|arenVir0nmentS. Television (TV) and studio industries rely
frames, arpbject-based video codencodes an arbitrarily ~ t0 @ large extent on the chroma-keying technique, which
shaped video object. This concept was inspired by the provides a reliable segmentation of objects in front of a
deve|opment of the Object-based ana|ysis-synthesis Code,uniform background in controlled studio environments.
(OBASC) published in 1989 [1]. An OBASC divides an
image sequence into arbitrarily shaped moving objects. Ob-
jects are encoded independently. An object is defined by itsB. 2-D Shape Coding
uniform motion and described by motion, shape, and color  |n computer graphics, the shape of an object is defined
parameters, where color parameters denote luminance angyy means of amv-map M;, of size X - Y pels
chrominance reflectance of the object surface. The image
analysis of an OBASC estimates the current motion, shape,
and texture parameters of each object. Furthermore, image My ={mu(z,9) |[0<z <X, 0<y <Y},
analysis determines for which part of the object the object 0<mp <255. (1)

Il. REVIEW OF OBJECTBASED VIDEO CODING
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Fig. 1. This image shows a scene composed of an object with constant and with arbitrary
transparency on a background.

The shapé\/;, defines for each pél:, ) whether it belongs  each changing pel on the current line is coded with respect
to the VO (mu(z,y) > 0) or not (my(z,y) = 0). For to either the position of a corresponding changing pel in
an opaque object, the correspondirgalues are 255; for  the reference line, which lies immediately above the present
transparent objects, they range from 1 to 255 (Fig. 1). line, or with respect to the preceding changing pel in the
Coded parameters are indicated §Y like A]. current line [17].

Almost the entire literature on shape coding deals with  Extensive work has been published on contour-based
efficient coding of binary shapes with;(z,y) = 0 being shape representation and coding. Different applications
background anen (x, y) = 255 being the object. There are  nurtured this research. For lossless and lossy encoding
two classes of binary shape codersbi#émapbased coder  of object boundaries, chain coders [18], [19] and poly-
encodes for each pel whether it belongs to the object or not.gon approximations [10], [20]-[23] were developed. For
A contourbased coder encodes the outline of the object. recognition purposes, shape representations like Fourier
To retrieve the bitmap of the object shape, the contour is descriptors were developed to allow translation, rotation,
filled with the object label. In the case where there is also and scale-invariant shape representations [24].
texture transmitted with the shape information,ianplicit A chain code follows the contour of an object and
shape coder can be used where the shape information can bencodes the direction in which the next boundary pel is
derived from the texture. The already mentioned chroma- located (Fig. 2). Algorithms differ by whether they consider
keying method would fall into this category. It is also a pel having four or eight neighbors for rectangular grids
specified in GIF89a [14]. For each image, one number canor six neighbors for hexagonal grids. Some algorithms
be used to define the value of the transparent pels. All pelsdefine the object boundary between pels [25]. Freeman [18]
of this value are not displayed. Today, GIF89a is used in originally proposed the use of chain coding for boundary
Web applications to allow description of arbitrarily shaped quantization and encoding, which has attracted considerable
image and video objects. attention over the last 30 years [26]-[30]. The curve is

Bitmap-based shape coders are used in the fax standardguantized using the grid intersection scheme [18], and the
G4 [15] and JBIG [16]. The modified read (MR) code used quantized curve is represented using a string of increments.
in the fax G4 standard scans each line of the document andSince the planar curve is assumed to be continuous, the
encodes the location athanging pelsvhere the scan line  increments between grid points are limited to the eight
changes its color. In this line-by-line scheme, the position of grid neighbors, and hence an increment can be represented
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3 2 1
Differential chain code:
-3,0,-1,0,3,-1,0,2,2,-1,
-2,-1,0,4,-1,0,1,0,2,-1

[~ ~ starting point

4 neighbors 8 neighbors

Fig. 2. A chain code follows the contour of an object by describing the direction from one boundary
pel to the next. Each arrow is represented by one out of four or one out of eight symbols, respectively.
On the right, the symbols for differentially encoding the shape are given.

by 3 bits. For lossless encoding of boundary shapes, anerror between two neighboring polygon points, the spline
average 1.2 bits/boundary pels and 1.4 bits/boundary pelsapproximation is used. This leads to a smoother representa-
are required, respectively, for a four- and an eight-neighbor tion of the shape (Fig. 4). Vertex coordinates and the curve
grid [19]. There have been many extensions to this basic type between two vertices are arithmetically encoded.
scheme, such as the generalized chain codes [26], where This polygon/spline representation is also used for coding
the coding efficiency has been improved by using links of shapes in intermode. For temporal prediction, the texture
different length and different angular resolution. In [29], motion vectors are applied to the vertices defining the
a scheme is presented that utilizes patterns in a chainpredicted shape. Then, all vertices within the allowable
code string to increase the coding efficiency. In [30], approximation errord} . define the new polygon ap-
differential chain codes are presented, which employ the proximation. It is refined as described above such that
statistical dependency between successive links. There hashe entire polygon is within the allowable errdf ... In
also been interest in the theoretical performance of chaina final step, it is again decided whether a polygon or
codes. In [27], the performance of different quantization spline approximation is used. The reason for not using
schemes is compared, whereas in [28], the rate-distortiona complete spline approximation is due to the fact that
characteristics of certain chain codes are studied. In thistemporal prediction using splines is less efficient because
paper, we are not concerned with the quantization of the refinement of a predicted spline representation requires
the continuous curve since we assume that the objectthe definition of many more new vertices when compared
boundaries are given with pixel accuracy. Some chain to a polygon representation.
codes also include simplifications of the contour in order In [33], B-spline curves are used to approximate a
to increase coding efficiency [31], [32]. This is similar to boundary. An optimization procedure is formulated for
filtering the object shape with morphological filters and then finding the optimal locations of the control points by
coding with a chain code. The entropy coder may code a minimizing the mean squared error between the boundary
combination of several directions with just one code word. and the approximation. This is an appropriate objective
A polygon-based shape representation was developed forwhen the smoothing of the boundary is the main problem.
OBASC [8], [20]. As a quality measure, the Euclidean When the resulting control points need to be encoded,
distanced,, ., between the original and the approximated however, the tradeoff between the encoding cost and the
contour is used. During subjective evaluations of common resulting distortion needs to be considered. By selecting the
intermediate format (CIF) (352288 pels) video sequences, mean squared error as the distortion measure and allowing
it was found that allowing a peak distancedjf.,. = 1.4 for the location of the control points to be anywhere on the
pel is sufficient to allow proper representations of objects plane, the resulting optimization problem is continuous and
in low-bit-rate applications. Hence, the lossy polygon ap- convex and can be solved easily. To encode the positions
proximation was developed. The polygon approximation of the resulting control points efficiently, however, one
is computed by using those two contour points with the needs to quantize them, and therefore the optimality of the
maximum distance between them as the starting point. solution is lost. It is well known that the optimal solution to
Then, additional points are added to the polygon where the a discrete optimization problem (quantized locations) does
approximation error between the polygon and the contour not have to be close to the solution of the corresponding
are maximum (Fig. 3). This is repeated until the shape continuous problem.
approximation error is less thad; ... In a last step, The above methods for polygon/spline representation
splines are defined using the polygon points. If the spline achieve good results but they do not claim optimality.
approximation does not result in a larger approximation In Section IV, we describe polygon/spline representation
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Fig. 3. Successive polygon approximation of a contour (from [7]). The initial polygd is
extended by point®3 and C. The iteration from a four-point to a five-point approximation is

shown here.
approaches that provide optimality in the operational rate- 1ll. SHAPE CODING IN MPEG-4
distortion sense. The goal of shape coding is to encode the shape informa-

Fourier descriptors were developed for applications in tion of a moving video object in order to enable applications
recognition, where shape is an important key. Fourier de- requiring content-based video access (Fig. 1). It is assumed
scriptors allow a translation-, rotation-, and scale-invariant that texture and motion information is transmitted for the
representation [34]. In a first step, the coordinates of the video object to code its texture efficiently. In this section,
contour are sampled clockwise in thg-plane. This list of  bitmap-based, contour-based, and implicit shape coders
2-D coordinatesz;, y;) is transformed into an ordered list developed within MPEG-4 for coding of binary shapes
(4, (yix1 — wi)/(zix1 — x4)), With 0 < ¢ < 4 4 1 being are presented. The evaluation leading to the selection of
the contour point number anfy;+1 — :)/(zi+1 — ;) a binary shape coder is also reviewed. In a last section, the
the change of direction of the contour. Since the samplescoding of grayscalex-maps is described.
are periodic over the object boundary perimeter, they can
be expanded into a Fourier series. To preserve the mainA. Binary Bitmap-Based Shape Coder
characteristics of a shape, only the large Fourier coefficients In the following sections, two bitmap-based shape coders
have to be maintained. Fourier descriptors are not very encoding the shape information on a macroblock basis are
efficient in reconstructing polygon-like shapes with only a described. The first coder uses a nonadaptive context-based
few coefficients. This is one of the reasons why they never arithmetic encoder for encoding the shape information and
became very competitive in coding efficiency. motion compensation for exploiting temporal redundancies.
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Spline and polygon approximation

Original shape

Fig. 4. Approximation using a polygon/spline approximation (from [64]).

Intra x| x| x Inter m x [ x ] x The template extends up to 2 pels to the left, to the

x| x| x x | xJ x 9 ]_] right, and to the top of the pel to be coded [Fig. 5(a)].

x[x]o Hence, for encoding the pels in the two top and left rows

Previous  Current of a macroblock, parts of the template are defined by the

Frame shape information of the already transmitted macroblocks

(@ (b) on the top and on the left side of the current macroblock.

Fig. 5. Templates for defining the context of the pel to be coded For the two right-most columns, each undefined pel of the

(0). (a) The intramode context. (b) The intermode context. The context is set to the value of its closest neighbor inside the
alignment is done after motion compensating the previous frame macroblock.

of the video object. . . ..
To increase coding efficiency as well as to allow lossy

shape coding, a macroblock can be subsampled by a factor

The second coder is based on an adaptation of the MR codebf two or four, resulting in a subblock of sizex® or
that is used in place of the arithmetic encoder. Other aspects4«4 pels, respectively. The subblock is encoded using
of the algorithms are identical. the encoder as described above. The encoder transmits to

1) Context-Based (CAE) Shape Codéffithin a mac- the decoder the subsampling factor such that the decoder
roblock, this coder exploits the spatial redundancy of the decodes the shape data and then upsamples the decoded
binary shape information to be coded. Pels are codedsubblock to macroblock size. Obviously, encoding the
in scan-line order and row by row. In the following shape using a high subsampling factor is more efficient
paragraphs, shape encoding in intramode is described [35]but the decoded shape after upsampling may or may not
Then, this technique is extended to include an intermode be the same as the original shape. Hence, this subsampling
[35], [36]. is mostly used for lossy shape coding and for rate-control

a) Intramode: In intramode, three different types of purposes.

macroblocks are distinguished. Transparent and opaque Depending on the upsampling filter, the decoded shape
blocks are signaled as macroblock type. The macroblockscan look somewhat blocky. Several upsampling filters were
on the object boundary containing transparent as well asinvestigated. The two best performing filters were a simple
opaque pels belong to the third type. For these boundarypel replication filter combined with ax3 median filter and
macroblocks, a template of 10 pels is used to define the an adaptive nonlinear upsampling filter. The context of this
causal context for predicting the shape value of the currentupsampling filter as standardized by MPEG-4 is shown in
pel [Fig. 5(a)]. For encoding the state transition, a context- Fig. 6.
based arithmetic encoder is used. The probability table of The efficiency of the shape coder differs depending on
the arithmetic encoder for the 1024 contexts was derived the orientation of the shape data. Therefore, the encoder can
from sequences that are outside of the test set used forchoose to code the block as described above or transpose
comparing different shape coders. With two bytes allocated the macroblock prior to arithmetic coding.
to describe the symbol probability for each context, the b) Intermode: To exploit temporal redundancy in the
table size is 2048 bytes. To avoid emulation of start codes, shape information, the coder described above is extended by
the arithmetic coder stuffs one “1” into the bitstream an intermode requiring motion compensation and a different
whenever a long sequence of “0”s is sent. template for defining the context.
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Fig. 6. The upsampled pelér) lie between the location of the
subsampled pel®). Neighboring pels (bold) defining the values
of the pels to be upsampled (boid.

®: changing pel defining object boundary

(@ (b)

For motion compensation, a 2-D integer pel motion Fig. 7. Changing pels are used in modified MMR shape coding
vector is estimated using full search for each macroblock to define object boundaries.
in order to minimize the prediction error between the pre-
viously coded shap@/; _, and the current shap¥,. The )
shape motion vectorskar]:e predictively encoded with respectthe top five rows of the block ha_v_e already been coded;
to the shape motion vectors of neighboring macroblocks. If her_lce, the coder knows the position of the p.ﬁ_(lsand
no shape motion vector is available for prediction, texture b1 n the current block as well as pe_Js) gnql cl in the
motion vectors are used as predictors. The shape motionmonon-compensatgd block when coding in intramode and
vector of the current block is used to align a new template intermode, respectively. . .
designed for coding shape in intermode [Fig. 5(b)]. The a) Intra}mode: The upknown pointal on the object
template defines a context of 9 pels, resulting in 512 boundary 1S encoded W|th_reference to the FWO pels
contexts. The probability for one symbol is described by gnd b1._a0 Is the _Iast changing pel encoded prlorc_m b1
2 bytes, giving a probability table size of 1024 bytes. Four IS the flrst.changmg pe! on the line e_xbow& to the_ nght_of
pels of the context are neighbors of the pel to be coded; 5“0_' and with the oppo§|te color af), if such a point exists
pels are located at the motion-compensated location in the(F'g' 7),' Ifnot, therbl is the Ieft-mpst changing pel on the
previous frame. Assuming that the motion vedtay, d, )” same line as:0. To encode the c_ilstance_ betweeh and_
points from the current\Z;, to the previous codedZ]_,, a0, one of the three modes—vertical, horizontal, or vertical

the part of the template located in the previously coded pass—is selected. Ass_umlng that all _pels are numbered in
shape is centered at'(x — d,., y — d,), with (z, )" being raster-scan order starting with zero in the top-left corner
Xz & Y/ ) &

the location of the current pel to be coded. of the block, i.e., in Fig. 7nu.m(aq) = 35, and cqumn$
In intermode, the same options as in intramode, like arelz nijr(rjnbered Lr_om lEﬁ to right, i.e<(a0) = 2, a mode is
subsampling and transposing, are available. For lossy shapée ected according to

coding, the encoder may also decide that the shape rep- Vertical if [c(al) — c(b1)| < T
resentation achieved by just carrying out motion com- mode= ¢ Horizontal if num(al) — num(a0) < width
pensation is sufficient, thus saving bits by avoiding the Vertical Pass otherwise

coding of the prediction error. The encoder can select )

one of seven modes for the shape information of each

macroblock: transparent, opaque, intra, inter with/without with the thresholdl’ = 5 for no subsamplingl” = 3 for a
shape motion vectors, and inter with/without shape motion subsampling factor of twd]’ = 2 for a subsampling factor
vectors and prediction error coding. These different options of four, andwidth is the width of the block to be coded.

with optional subsampling and transposition allow for en-  In vertical mode, the distancgal) — ¢(b1) is encoded
coder implementations of different coding efficiency and using one of eight variable-length coder (VLC) tables that
implementation complexity. is selected according to the object boundary direction, as

2) Modified MR (MMR) Shape CodeiThe MMR shape defined by a template positioned above pelFig. 8).
coder is a macroblock-based shape coder [36]. In com- In horizontal mode, the position afl is encoded as its
parison to the CAE shape coder, the MMR shape coder distance taz0. Just due to the fact that the horizontal and
mainly replaces the context-based arithmetic encoder andnot the vertical mode is selected, the decoder can sometimes
the templates by a MMR coder. Therefore, the description deduct the minimum distance betweeh and a0. In this
of the MMR shape coder is limited to the MMR coder. This case, only the difference with respect to this minimum
MMR coder is derived from the modified read coder in the distance is encoded.
fax G4 standard [15]. In vertical pass mode, one code word is sent for each line
Fig. 7 is used for describing the encoding procedure. For without an object boundary. One last code word codes the
simplicity, it is assumed that the macroblock to be coded remaining distance to the next point on the object boundary.
is subsampled by a factor of two, resulting in a subblock a1 in Fig. 7 (subsampling factor of two) is encoded using
of size &8 pels to be coded. Each block is coded in raster- vertical pass mode.
scan order. Within each line, the position of pels on the The efficiency of the shape coder differs depending on
object boundary is encoded. In Fig. 7, it is assumed that the orientation of the shape data. Therefore, the encoder can
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current block template and Vi.41. The original contour segment associated with
. this approximationV, V41 segment is called’;, with the
a0 __ | | | contour pointse ;, with & identifying the segment and
the number of contour points @fy. With d(ViVig1,cr:)
at being the Euclidean distance between contour pgifnand
® the line V4 Vi1, the approximation error for a segmerif
® of the original contour is given byi,,.x(k)

d k) = max d(ViViit,cui). 3
Fig. 8. For intracoding, a template positioned relativebb is maX( ) 0<i<d ( o ’Z) 3)
used for selecting VLC tables in vertical mode. ) o
For each side of the polygon, it is checked whether the

) approximation lies within a given tolerancg,..(k) <
choose to code the block as described above or transposeg;« (Fig. 3). If not, a new vertex is inserted at the point of

max

the macroblock prior to MMR coding. In both cases, the he |argest approximation error. Then, for each new polygon
encoder also has the choice of scanning each line from leftgige it is decided whether it lies within the allowable shape

to right or vice versa. approximation, and the process is repeated until the peak
These adaptations of MMR to macroblock-based Shapeapproximation error is lower thad

max*

coding increased the performance by 30-70% compared 0 The described vertex selection method selects all vertices
the MMR of the fax G4 standard. _ on the object boundary. For lossy shape coding, however,
b) Intermode: In intermode, the previously decoded this might not be optimal. Therefore, the vertices can be
shapg is motion compensatgd as described in Sectu?n -ghifted by 1 pel within an 8-pel neighborhood (Fig. 9). The
Al. Fig. 7(b) shows the motion-compensated shape infor- hqcess can be repeated until an optimum approximation
mation. A pelcl is defined as the first changing pel with  giyen the number of initially selected vertices is reached.
a color opposite to the color of0 in the same row as  Thjs process minimizes the average shape approximation
a0, if such a pel exists. If nok1 is the first changing pel error dy (a, b) for two neighboring contour segment,_;
in the remaining lines of the block. The mode is selected g4nq ¢, with contour pointsc,_; ; and ¢ ;, respectively.
according to (2), withb1 replaced bycl (Fig. 7). The  Given a vertexv;,(a, b) shifted by(a, b) with —1 < a,b <
codes for transmitting the distance in vertical mode are not ; ne average shape approximation error is given by (4),
switched by the template but by the mode with which the ghown at the bottom of the page, wittand.J the number of

previous boundary pel was coded. contour points of the segment%, and C_1, respectively.
) Vertex Vi, is shifted to the position that resulted in the
B. Binary Contour-Based Shape Coder smallestdy(a, b). In the case where this shift results in the

Within MPEG-4, two methods were developed: a vertex- shifted V;’s being equal toVi._; or V41, Vi is deleted.
based polynomial shape approximation based on work in After this vertex selection and adjustment, the vertex
[10], [20], and [23] and a baseline-based shape coder [37]. positions are encoded.

1) Vertex-Based Shape Codinyertex-based shape cod- Vertices are located counterclockwise around the object.
ing codes the outline of the shape. This shape is approx-To save bits, the vertices are renumbered such that the
imated using a polygon approximation for lossy shape largest difference inc- or y-coordinates appears between
coding. The placement of vertices allows an easy control vertexVj andVy_; . After encoding the position dfy, each
of local variations of the shape approximation error. For remaining vertex position is encoded differentially to its
lossless shape coding, the polygon approximation “degener-predecessor. For lossless coding, a differential chain code is
ates” to a chain code [19], [31], [38], [39]. In the following, used (Fig. 2). For lossy coding, the difference vedtpr=
the encoding of shapes in intramode is described first. In aV;, — Vi1 is computed. Similar to the relative direction
second step, the algorithm is extended to exploit temporal used for encoding of lossless shape, relative directions are
redundancy. used in the lossy case, with the exception that the eight

a) Intramode: The efficiency of this shape-coding directions are replaced by eight octants in the 2-D plane.
method depends to a large extent on the encoder. TheThe octant in which the next vertex is located is defined
art of lossy vertex-based shape coding lies in selecting by V; and transmitted to the receiver (Fig. 10). The octant
the appropriate vertices for the polygons. The approach defines whether the- or the y-coordinate ofV; is larger.
chosen by the experimenters [10], [23], [40] starts with The ranges of the major and the minor componerit,oére
finding the longest axis of the shape and uses the two endtransmitted, and finally the values of the two components
points as the initial polygon. Let us assume that}. are coded using VLC tables that are selected according to
approximates the original contour between the vertidgs  the range of the major and minor component. The decoder

= ij_ol d(Vk—lv Vk(av b)v Ck—l,j) + EZT:_Ol d(vk (av b)v Vk+17 ck,i)

di(a,b) = —-1<a,6<1 4
k(av) I+J ’ > a, = ()
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the positions of the unmatched segments and refines the
shape approximation for these segments as described in the
® Viq intramode.

In the case of lossy shape coding, the encoder checks
where the unmatched segments leave the band around
the current shape that is defined by the allowable shape
approximation erroel}, ... (Fig. 12). Now, unmatched seg-

ments are those that are located outside of the band.
As for lossless shape coding, the encoder transmits the

L7 o~ positions of the unmatched segments and then refines the
7,7 Octant 2 Octant 1 \: shape approximation for these segments as described in the
intramode.
Fig. 10. The differenceVy betweenVy_, and the vertex’y, to It appears that this motion compensation can still be

be coded determines the octant wh&ijeis located. . . . . .
improved. Localized motion compensation allowing one

vector for each vertex or segment as defined by a boundary
reconstructs the vertex positions, creates the polygon, andmacroblock should result in further improvements of this
then fills the interior of the polygon with the opaque label technique.
of the a-map. 2) Baseline-Based Shape Coding: baseline shape coder

In Section IV, we present a framework for the develop- also encodes the contour of an object. It places the shape
ment of vertex-based shape-coding algorithms, which areinto a 2-D coordinate system such that the projection of
optimal in the rate-distortion sense. That is, if polygons are the shape onto the-axis is longest [37]. Ther-axis is
used for approximating the original boundary, their vertices, called the baseline, from which the distangecpordinate)
which may belong on the boundary or lie outside of it, are between the baseline and a point on the shape outline is
chosen in such a way that the distortion is minimized while measured. The shape contour is sampled clockwise. Neigh-
the rate for encoding the location of the vertices satisfies aboring contour points usually have increasing or decreasing
given bit budget. In other words, the selection of the vertices z-coordinates. Those contour points where the direction
and their encoding is done simultaneously and optimally. changes are called turning points. They are signaled to the
Various ways to define the segment distortion and the total decoder (Fig. 13). The contour is subdivided into segments
distortion are applicable, also including the definitions used of 16 pels in length.
above. The framework accepts curves of any order, such as  a) Intramode: The contour points within one segment
B-splines. can be subsampled by factors of two, four, or eight.

b) Intermode: To exploit temporal redundancy, one For upsampling, the missing contour points are linearly
motion vector is estimated for each contour. The vector interpolated from theg-values of the samples. To minimize
is estimated such that the number of overlapping pels the approximation error, coded contour points can be shifted
between the current shapé;, and the motion-compensated vertically by +1 pel. A contour segment is subsampled if
previous shapé/;_, is maximum. The motion vector can the approximation error due to the subsampling is within
compensate for object motion of up to 24 pels in horizontal given limits. For each segment, thecoordinates are dif-
and vertical direction. ferentially encoded.

Fig. 11 shows the previously coded shaygg , and the b) Intermode: The baseline-based shape coder allows
current shapéf,. The gray area shows the overlapping area for global and local motion compensation. Global motion
of the two shapes after motion compensation. The bottom compensation aligns the previously coded shifje , with
of Fig. 11 shows those contour segments that are alignedthe current shapé4;. such that the number of overlapping
after motion compensation and those that are unmatched. pels is maximized. In a second step, a 2-D motion vector

In the case of lossless shape coding, the encoder transmitss searched for each segment of the current contour such
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Fig. 11. Vertex-based shape coding. Motion compensation aligns the previous and current shape
parameters. Unmatched segments of the contours are identified(Berels), (B2, Az), and
(B3, Ap) for lossless shape coding.

| | »
|
A3

overlapping area

current shape My with band indicating the aligned shapes after

N motion compensation
allowable shape approximation error

Fig. 12. For lossy shape coding, a band with the allowable shape distortion reduces and shortens
the unmatched segments, hé¢i®;, A>) and (B2, A3) (compare with Fig. 11).

that the number of misaligned pels is minimum. If the C. Binary Chroma-Key Shape Coder
motion-compensated prediction error is above a threshold,

the prediction error is encoded the same way as contour This shape-coding technique [41] was inspired from
points are encoded in intramode. the blue-screen technique used in film and TV studios.
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Fig. 13. Baseline-based shape coder. Clockwise contour tracing from a baseline using turning
points and the distance from the baseline to the contour points.

The color of a pel is used to distinguish between object for the object/background separation. For a chroma-key
and background. The object to be coded is placed on aof (128, 220, 100), weights of (0, 1, 1) are appropriate.
static one-colored background. The color of the background This segmentation of object and background might become
(chroma-key) has to be outside of the color space occupiederroneous when very coarse quantization of the images is
by the texture of the object. Usually, highly saturated allowed.
colors fulfill this requirement. The image or sequence The color of pels at the object boundary inside the object
of images with the object in front of this one-colored is influenced by the chroma-key because of the quantization
background is then encoded using a conventional coderof the DCT coefficients. To reduce this color-bleeding
(here, MPEG-4 video in full frame mode). To the decoder, effect, the color can be shifted away from the chroma-key
the chroma-key is transmitted. The decoder decodes thetoward the color space occupied by the object.
images. For each pel, the weighted distadge between The implicit shape coding does not allow the extraction
the chroma-key Ky, Kcp, Kcr) and the corresponding  of the object shape without decoding the entire frame.
values(X{., X5, X-g) Of the decoded pel is computed Since the shape information is typically carried by the
according to subsampled chroma signal, this technique is not suited for
., iy lossless shape coding. Because the shape information is
di = Wy | Xy — Ky |+ Wen|Xop — Kenl embedded in the texture, the shape coding is lossy as long as
+ Wer|Xxr — Kxrl (5) there is quantization of the texture. An important advantage
of this method is its low computational and algorithmic
complexity. The low computational complexity becomes
especially apparent if the location of boundary macroblocks
is signaled to the decoder such that the shape extraction has
to be performed only on this small number of boundary
macroblocks.

where Wy, Wepg, Weg are the weighting factors. For
lossless codingd is zero for the background (chroma-
key) and nonzero for the pels of the object.

When a sequence is coded using quantizatityn, be-
comes different from zero also for the background. To
allow a good separation of the object from the background,
the chroma-key should be chosen such that the distance ) o ) -
dy becomes large for all pels of the object. Pels of the D- Evaluation Criteria for Coding Efficiency
decoded images with a color similar to the chroma-key To compare the performance of different shape coders,
(dx < threshold are considered to be background. To evaluation criteria have to be defined. Within MPEG-4,
extract the object shape, the decoder considers all pelsthere are two quality measures for objectively assessing the
of the background as transparent. The other pels belongquality of coded shape parameters. One is the maximum
to the object [41]. In experiments, it was found that it is of the minimal Euclidean distancé’ . (peak deviation)
not necessary to consider the luminance of the backgroundbetween each coded contour point and the closest contour
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Fig. 14. Three of the test sequences for evaluation of shape coders. (a) Weather. (b) Children.
(c) Robot.

point on the original contour, as described in Section Il- based shape coders or different contour-based shape coders.
B. This measure allows for an easy interpretation of the For lossy shape coding, the bitmap-based shape coders
shape quality. However, if lossy shape coding results in create blocky object shapes, whereas contour-based shape
changing the topology of an object due to opening, closing, coders create an object shape showing polygon edges. Since
or connecting holes, the peak deviatigff)., is not a useful ~ the two classes of shape coders gave different distortions
measure. Therefore, we used a second meagutbat is (Fig. 15), a comparison between these two types had to
the number of erroneously represented pels of the codedbe done subjectively. Decoded video objects (lossy shape
shape divided by the total number of pels belonging to coded at a given average bit rate for shape; texture coded
the original shape. Since different objects can have very using a quantizer step size of 12) were displayed on TV
different ratios of contour pels to interior pels, a given value monitors and informally evaluated by approximately 30
for d,, only allows comparison with othef,, of different experts.

approximations of the same video object. The measdyre

by itself does not provide sufficient information about the E. Comparison of Binary Shape Coders

shape quality. _ o The shape-coding algorithms described above were thor-

Subjective evaIuauo_n of s_everal sequences |_nd|cated thatoughly investigated with respect to their coding efficiency,
a shape representation with an approximation error of g yiective quality for lossy shape coding, hardware and
drax > 3 Pels is not useful at all for video. All the  gotyare complexity, and performance in scalable shape
test sequences were encoded wiff),, = 3 pel, and  coders. Coding efficiency was compared in rate-distortion
the corresponding; for the sequences was computed. I §iagrams, subjective quality was measured using long ses-
the following, each sequence was lossily encoded With  gjons to compare coded video sequences, and software
between zero andy,. complexity was measured using tools developed within

To obtain reliable results, seven test sequences (Cycla-ihe MPEG-4 implementation study group, which count the
men, Weather (woman), Kids from sequence Children, nymper of operations and measure the memory bandwidth
Logo from sequence Children, Robot from sequence that a shape coder required on an Ultra-SPARC processor
Destruction, Rain Drops from sequence Destruction, and [42], [43].
Speakers from test sequence News) with natural and 1) Error Resilience: MPEG-4 wants to enable multime-
synthetic content ranging from simple scenes like a news dia communications over different networks like satellite
speaker to scenes with deforming objects and cameraand terrestrial broadcast, telephone networks, Internet, and
motion were used as the test set (Fig. 14). The sequenceyireless communication links. Although each communi-
Weather shows a person explaining the current weathercation channel has a network interface that provides a
situation along the Japan Sea. The woman turns andcertain protection from errors, it is expected that wireless
partially leaves the picture. The segmentation of the personcommunication channels will contain a significant amount
was obtained using chroma-key studio equipment. The of residual errors after channel error detection and cor-
sequence Kids shows two children playing ball. Again, the rection. To have video-coding algorithms cope with the
sequence was recorded in a studio and the segmentatiorvorrupted bitstream, MPEG-4 video set up a group to
of the persons and the ball was obtained using chroma-develop an error-resilient mode of the video coder. The
key equipment. The sequence Robot was generated usingvork of that group focused mainly on the frame-based video
animation software. The robot is moving quickly, the coder and low bit rates between 24 and 48 kbit/s. The bit
ammunition belt consisting of many little pieces moving error patterns used for developing an error-resilient decoder
fast. include random bit errors at a rate of 19 burst errors of

It was found that the objective measures truthfully re- 1-20 ms in length with an average bit error rate between
flected subjective quality when comparing different bitmap- 10~2 and 1072, and loss of packets with 96—400 bits.
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(b)

Fig. 15. Lossy encoding using a bitmap-based (a) and a contour-based (b) shape coder. The
bitmap-based shape coder used pel replication as the upsampling filter (from [65]).

@

To ensure that the selected shape coder will also be of Weather - Inra Mode

600

use in error-prone environments, a group of error-resilience

experts evaluated the five proposals over a period of two > & 7
months [44], [45]. To do error-resilient shape coding, the 400 “« MMR
decoder should be able to provide these four capabilities. £ 30 —=— Vertex

—a— CAE
1) Error detection:This is the most fundamental require- 201 —— Bascline|
ment. The decoder can encounter a syntactic error, 0T
i.e., an illegal code word of variable or fixed length, 0 , ‘ :
or a semantic error, i.e., decoding a shape that does 0 0.01 0.02 0.03 0.04
not close. The error may not be detected until some d,

point after it actually occurs. Fig. 16. Comparison of rate-distortion curves in intramode.
2) Error localization: After an error has been detected, Bit-rate and distortion averages are given for 100 frames.

the decoder has to resynchronize with the bitstream Kids - Intra Mode

without skipping too many bits. One way of achieving 2500

this is the introduction of additional resynchronization

2000 4
markers [46]. o
. i 1500 —e— MMR
3) Data recovery:After error localization, data recovery = = Vortex
tries to recover some information from the bitstream 1000 + |~ CAE
e |

between the location of the detected error and the

determined resynchronization point. Thus, data re-

covery minimizes information loss. Reversible VLC'’s 0 : : : :

(VLC's that can be decoded forward and backward) 0 001 002 003 004 005 006

can be of help. In the case of shape coding, the use- d

fulness of such a feature has yet to be demonStl’at(:"d'Fig. 17. Comparison of rate-distortion curves in intramode.
4) Error concealment:Last, error concealment tries to Bit-rate and distortion averages are given for 100 frames.

hide the effects of the erroneous bitstream by re- - )
placing the lost shape information by meaningful right position, it can detect the error. Incomplete VLC'’s as

data, i.e., copying shape data from the previous Well as marker bits decrease the efficiency of the coder.
frame M},_, into the current frame. The smaller the A list of priorities was assigned to different parts of the
spatial extent of the error, the more accurate the error bitstream in order to help focus on the critical issues of
concealment that can be achieved. error resilience:

» shape mode (most important);

Bits

—— Bascline
500 =

Of general concern was that arithmetic decoding itself i
does not provide any syntactic error-detection capabilites. ¢ Shape motion vectors;
The same is true for VLC tables unless they were designed « texture motion vectors;
to be incomplete. Thg equ@valence of incor_nplgte vLC shape data;
tables would be the insertion of marker bits into the ]
arithmetically coded data. After a given run length of <0 * texture data (least important).
or “1” symbols, the decoder inserts a marker bit of opposite Errors in the decoded shape can change the number of
value. If the decoder cannot detect the marker bits at the macroblocks within a VOP. This would bring the update
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Fig. 19. Comparison of rate-distortion curves in intermode.

Fig. 18. Comparison of rate-distortion curves in intramode. ) ) . )
J P Bit-rate and distortion averages are given for 100 frames.

Bit-rate and distortion averages are given for 100 frames.

of the texture and shape information out of alignment Kids - Inter Mode
with respect to the previously decoded VOP. To limit 2000
the damage that an erroneous shape can induce to the
picture quality, it is important to localize the error in
the shape. This is a prerequisite for error concealment. % 1000 |
The block-based shape coders propose that macroblock
shape is decoded independently of neighboring blocks. A 500
contour-based shape coder adds resilience by protecting
the sensitive data. For the vertex-based shape coder, a
syntax was proposed that allowed the shape of a VO to be
encoded in independent slices of macroblocks. By coding
the starting point of the contour approximation twice, i.e., as Fig. 20. Comparison of rate-distortion curves in intermode.
starting point and as end point of the contour, contour-basedBit-rate and distortion averages are given for 100 frames.
shape coders provide additional semantic error-detection
capabilities since the coded contours have to be closed. 3000 Robot - Inter Mode

The experts concluded that all the proposed schemes
would be able to provide sufficient error-resilience capa-

1500 +

| —e— MMR

—=— Verlex

——CAE
—x— Baselinc

0.02 0.04 0.06 0.08 0.1
dy

2500

bilities for transmission of VO's over wireless channels. 2007 o MMR
Differences in terms of efficiency would be expected, but Z 1500 + —m Vertex |
without experiments, none of the proposed coders seemed o0 + i——CAE
to be better suited than another. —>— Baselline

500

2) Coding Efficiency:The proposed shape coders were
evaluated on several sequences in intramode and intermode.
Figs. 16—-18 compare the four explicit shape coders when
coding shapes in intramode. The bit rate and distortion are
averaged over 100 frames. As can be seen, the baselineFig. 21. Comparison of rate-distortion curves in intermode.
based shape coder provides the highest coding ef‘ficiency,B't-rate and distortion averages are given for 100 frames.
using 0—30% fewer bits than the bitmap-based shape coders.

The vertex-based shape coder comes second. The two When comparing the different shape-coding techniques,
bitmap-based shape coders perform very similarly. The chroma-keying was not considered as a candidate for
CAE shape coder is slightly more efficient for lossless shape MPEG-4 shape coding because for complex shapes, the
coding compared to the MMR shape coder. topology of the shape was not stable enough and color

In intermode, the comparison of the different shape bleeding was visible along some boundaries. Figs. 22 and
coders gave a different ranking. Figs. 19—21 show bit-rate 23 show a comparison between the chroma-key shape
and distortion averages for three test sequences. For losslessoder based on video verification model VM 5 and the
and subjectively lossless coding, the bitmap-based shapevideo verification model VM 5 using its explicit shape
coder outperformed the contour-based shape coder by upcoder. Since chroma-keying codes the shape in the chroma
to 20%. Again, CAE shape coding is more efficient than signal, the measure SNRy for objective picture quality
MMR shape coding. For larger distortions, the vertex-based was used, as shown in (6) at the bottom of the next page,
shape coder performs similarly to or better than the bitmap- with Y., Unum, and V., the number of pels of thE, U,
based methods. The motion compensation employed in theand V' component that belong to the object.
baseline method does not perform as well as the motion VM5 uses a simplified version of the MMR shape coder
compensation of the other methods, causing this coder topresented in Section IlI-A2 [47]. Both coders encode tex-
perform worst in terms of coding efficiency in intermode. ture, motion, and shape. They use the same texture motion-

0.02 0.04 0.06 0.08
da
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Fig. 22. Comparison of chroma-key shape coder and MPEG-4 VM5 with lossless shape coding

(d, = 0.0). Quantizer step sizes of 8, 12, and 20 are used (from [66]).
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Fig. 23. Comparison of chroma-key shape coder and MPEG-4 VM5 with lossless shape coding

(d, = 0.0). Quantizer step sizes of 8, 12 and 20 are used (from [66]).

estimation algorithm and the same quantizer step sizes ofalways more efficient than the implicit chroma-key shape
8, 12, and 20 for the quantization of DCT coefficients. coder at the price of the higher complexity of the explicit
Whereas VM5 codes the shape losslessly, the chroma-keyshape coder.

shape coder was not able to do so; for the higher quantizer,

After evaluation of the objective shape-coding perfor-

the shape-coding error was significant. When comparing mance, the main decision to be taken was whether a
the bit rates, VM5, with its explicit MMR shape coder, is bitmap-based or a contour-based shape coder should be

Yonm Unim Vanm
T =YY S (U = U S (V= V)2

mS€y, =

2552
SNRyyyv = 10log;, <W>

1140

YIIUIH + UIIUIH + VIIUIH

(6)
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Table 1 Comparison Between the Block-Based CAE Shape Coder and the Contour-Based
Vertex-Based Shape Coder Based on Seven Test Sequences. Relative Statements Are Always with
Respect to the Other Shape Coder. Please Note that This Is a Snapshot as of April 1997

CAE Vertex-based

Coding efficiency: Intra lossless 7.8% lower data rate

Coding efficiency: Inter lossless | 20.5% lower data rate

Coding efficiency: Inter lossy better at small distortions better at large distortions

Scalability overhead for 3 layers | 30-50% higher data rate for shape coding in inter | no optimized results for inter coding.

(layer 3 lossless) mode

Delay slightly shorter due to block-based coding

Hardware Implementation | decoding on chip without random access to | Huffman decoder smaller than arithmetic
Complexity external memory decoder, random access to external memory
Software Implementation | No optimized coder available, but similar performance for non-optimized code.

Complexity

selected for the MPEG-4 standard. To ease this decision,memory access since no prior knowledge is available as
the group working on shape coding first selected the bestto how the polygon will extend from one vertex to the
contour-based and best block-based shape coders. next. Hence, cache prefetching will not work efficiently,
As far as bitmap-based shape coding is concerned, theand loading the entire shape image into on-chip cache is
CAE shape coder outperformed the MMR shape coder. not an option due to the size limitation of the cache. A
For the contour-based shape coding, the vertex-based codefurther disadvantage of the vertex-based shape coder is that
was chosen. It outperformed the baseline-based coder inthe decoding time depends on the number of vertices and
coding efficiency for intermode as well as in terms of the shape of the object. This is in contrast to the fixed
computational complexity. Furthermore, the baseline coder Processing time required for context-based shape coding,
was implemented only once, whereas all the other shape@/lowing for easier task scheduling on the processor.
coders had two independent implementations. 4) Summary:As far as shape-coding requirements are
3) Hardware ImplementationThe Implementation Stud- ~ concemed, all explicit shape coders are able to provide
ies Group of MPEG-4 evaluated the vertex-based and lossless, .subjectlvely lossless, and lossy shape coding.
context-based shape coders with respect to hardware-The algorithms can be extended to scalable shape coders,

implementation implications. It is assumed that most of bitstream editing, shape-only decoding, and low-delay ap-

. ) . . plications, as well as applications using noisy transmission
the computations will be done using programmable logic
. . . channels. Table 1 compares the context-based and vertex-
like video signal processors.

Wh . VLC decod d for th : based shape coders, as done at the Bristol MPEG meeting
en comparing a ecoder as usec for the vertex- g, April 1997. None of the algorithms clearly outperforms
based methods with the arithmetic decoder used in the

based sh d thmetic decod ‘ (ﬁ[f;e other. However, it was felt that the simple hardware
context-based shape coder, an arithmetic decoder was foun plementation of the context-based shape coder was a

to be more difficult to implement and to require more chip yoa50n to reject the vertex-based shape coder. After that
surface. _ _ meeting, the competitive phase of shape coding ended, and

However, the real bottleneck of a video decoder will \pEG-4 focused on optimizing the selected context-based
be the required bandwidth for off-chip memory access shape coder mainly by developing the adaptive upsampling
and caching [48]. Here, the block-based, context-basedfiter (Fig. 6) and an error-resilient shape coding mode.
shape coder has the advantage that the entire shape block

can be loaded into on-chip cache and processed. At the

end of decoding, the decoded block can be written to F. Grayscale Shape Coder

memory. Since blocks are processed in predefined order, Grayscale alpha maps allow 8 bits for each luminance
address generation for memory access is straightforward.pel to define the transparency of that pel. Transparency is
The vertex-based shape coder does not allow for predefinedan important tool for composing objects into scenes and
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special effects (Fig. 1). Two types of transparencies are and vertical coordinates of control poipy:
distinguished: binary alpha maps for objects with constant N—T.-M.P
transparency and arbitrary alpha maps for objects with@u(Pu-1,Pus Pur, ) = T'- M -

varying transparency. M1 M2 M3
1) Objects with Constant Transparencifor a transparent =[t* t 1]-|ma1 ma22 mog

object that does not have a varying transparency, the shape M3 M32 M33

is encoded using the binary shape coder and the 8-bit value Pu—lz Pu—ly

of the alpha map. To avoid aliasing, grayscale alpha maps | puz Puy |- (8)

usually have lower transparency values at the boundary. Dutlz Putly

Blending the alpha map near the object boundary can be
supported by transmitting the coefficients of&3el finite-
duration impulse response filter that is applied to the alpha

map within a stripe on the inner object boundary. The stripe he sh . di nal bl E .
can be up to 3 pels wide. the shape of?, in a two-dimensional plane. Every point

2) Objects with Arbitrary TransparencyEor arbitrary al- of the curve segment can be calculated with (8) by letting

pha maps, shape coding is done in two steps [49]. In the! Vary fm”_‘ zero to one.. Every curve segment can pe
first step, the outline of the object is losslessly encoded calculated mdgp_endently in order to calculate.the_ entire
as a binary shape. In the second step, the actual alph£UTVe &. consisting ofNp curve segments, which is of
map is treated like the luminance of an object with binary the following form:

shape and coded using the MPEG-4 texture-coding tools of Np

padding, motion compensation, and DCT. Q) = Z QulPu—1;Pu, Pust,t —u+1),

u=1

Both the base matrix/, with specific constant param-
eters for each specific type of parametric curve, and the
control point matrix?, with (n + 1) control points, define

IV. OPTIMAL CONTOUR ENCODING IN 0<t'<Np+1. (9)

THE RATE-DISTORTION SENSE Among common parametric curves are the Bezier curve and
_ the B-spline curve. For the proposed shape-coding method
A. Introduction in this section, we chose a second-order (quadratic) basis

We now present a framework for contour encoding that uniform nonrational B-spline curve [53] with the following
is optimal in the rate-distortion sense. We formulate the base matrix:

problem in various ways. The contour approximation can 0.5 —1.0 05

be done using a polygon, B-splines, or higher order curves. M=1-10 1.0 0.0]. (20)

In all cases, the problem reduces to finding the shortest path 0.5 05 00

in a directed acyclic graph (DAG). Fig. 24 shows such a second-order B-spline curve. The

Before Continuing, it is worthwhile to present a review of Shape_coding method presented in this section is indepen_
B-splines. These are a family of parametric curves that havedent of the matrixA/ and degreen, that is, parametric
proven to be very useful in boundary encoding [50]-[52]. curves of higher order can be used.

In the following discussion, we will concentrate on second- 1) pouble Control Points: The beginning and the end of

order B-splines. However, this theory can be generalized tothe boundary approximation have to be treated as special
higher order curves. Also, it should be noted that first-order cases if the first curve segment should start exactly from the
B-splines are equivalent to polygons. first boundary point and the last curve segment should end

A B-spline is a specific curve type from the family of exactly at the last boundary point. When we use a double
parametric curves [53]. A parametric curve consists of one control point (such ag._: = p.), the curve segment
or more curve segments. Each curve segment is defined, will begin exactly from the double control point (see
by (n + 1) control points,wheren defines the degree of Fig. 24). we apply this property to the beginning and end
the curve. The control points are located around the curve of the curve, so thaty = p: andpy, = py,41. These two
segment, and together with a constant base matfjxthe special cases can easily be incorporated into the boundary
control points solely define the shape of the curve. A 2-D approximation algorithm.
curve segment, with control points

(Pu—1,Pu,Put1) is defined as follows: B. Distortion
=@, y(@t)], foro<t<1 To motivate the distortion measures presented here, we
QulPu—1,Pus Put1:t) = | otherwise. mathematically formulate an example where the boundary
7) approximation is done using polygons and the vertices of

the polygons must lie on the original boundary. We change
The points at the beginning and end of a curve segmentthe notation used earlier in the paper for convenience
are called knots and can be found by settthgs 0 and purposes. LetB = {bo,---,bn,—1} denote the connected
t = 1. The following is the definition for a second-degree boundary, which is an ordered set, whéreis the jth
curve segment, with: as index for the different curve point of B and Ng is the total number of points 3.
segments ang, , andyp., ,,, respectively, as the horizontal Note that in the case of a closed bounddry,= by, —1.
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d(4,14)

Double /
control point -~ N t=7 QNN -3 1 9 I 104
\P0= B 7 / _11_
=0 6 12
t'=1— | 5 ‘I‘—/edge (4,14)
P2 vertex 4 =| 4 || %i4_<~vertex 14

/
t=2 P3 Ps ) 16
Control point p, (k=0,1,...9) o\_/ 1 17
Curve segment Q, (k=1,...8) t=t'-k+1=0...1

/1§
Knot (t'=k) —
. . ) . Fig. 25. Definition of the distortioni(4, 14) that corresponds to
Fig. 24. A second-degree B-spline curve with eight curve seg- the edge(4, 14).

ments Q),, and a double control point at the beginning of the
curve.

segment(ps_1,px) IS given by
Let P = {po,---,pns—1} denote the polygon used to

d c—1, c ) = d d/ c—1, ‘,t .
approximateB, which is also an ordered set, with, the (Pre—1, pr) tc[bjzpk,lfggji...,bﬁl:pk} (Pr-1.p11)
kth vertex of P, N> the total number of vertices i, and _ o 12)
the kth segment starting a#,_; and ending ap;.. SinceP An example is shown in Fig. 25. Another popular distortion

is an ordered set, the ordering rule and the set of verticesmeasure is the mean squared distance (error), which has
uniquely define the polygon. We will elaborate on the fact been used in [33] and [55] and is of the following form:
that the polygon is an ordered set later on.

In general, the polygon that is used to approximate the
boundary could be permitted to place its vertices anywhere = — Z d(pr_1,pK, 1) (13)
on the plane. In this example, as mentioned earlier, we B ottt =pe_1sbiras by i=pi}
restrict the vertices to belong to the original boundary. Let
A ={ay,a2,as,...} be the set of points that are admissible
as vertices. Clearly, in this casd, = B.

The kth polygon segment that connects two consecutive
vertices,pr_1 and pg, iS an approximation to the partial
boundary{b; = pr_1,bj41,---,bj+1 = pi}, Which con-
tains I + 1 boundary points. Therefore, we can measure
the quality of this approximation by a segment distortion
measure, which we denote b¥p,_1,pr). The polygon
distortion measure can then be expressed as the sum or th
maximum of all segment distortion measures. D(po,---,pr—l) - max dlpr—1,px) (14)

There are several different distortion measures that can k[0, Np—1]
be employed. One popular distortion measure for curve wnered(p_;, po) is defined to be zero. We will denote all
approximations is the maximum absolute distance, which gjstortion measures based on the above definition as “class
has also been employed in [20], [27], [28], and [54]. one” distortion measures.

Besides its perceptual relevance, this distortion measure The second class of distortion measures is based on the
has the advantage that it can be computed efficiently. Let symmation operator and is of the following form:
d'(pr—1, pr, t) be the shortest distance between the line that

d(pr—1,px)

So far, we have only discussed the segment distortion
measures, i.e., the measures that judge the approximation
of a certain partial boundary by a given polygon segment. In
general, we are interested in a polygon distortion measure
that can be used to determine the quality of approximation
of an entire polygon. We will treat two different classes
of polygon distortion measures. The first class is based on
the maximum operator (or, equivalently, on the minimum
8perator) and is of the following form:

. . . Np—1
goes throughp;.—; and p; and an arbitrary point. This
distance can be expressed as shown in (11) at the bottom D(po, - sprp-1) = Z d(pr—1,Px) (15)
of the page, where the subscriptsand y indicate thez- k=0
and y-coordinates of a particular point. where againd(p_1,po) is set equal to zero. We will denote
Then the maximum absolute distance between the partialall distortion measures based on the above definition as
boundary {6; = pr—1,bj41,---,bj4+1 = px} and the “class two” distortion measures.

|(te — Pr—12) - Pry — Pr—1,y) — (ty — Pr—1,4) - Ph,z — Pr—1,2)]
VPrw = pr—1,0)? + (Pry — Pr—1,4)?

d' (pr—1,pr,t) = (11)
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The main motivation for considering these two classes Boundary
of distortion measures stems from the popularity of the
maximum absolute distance distortion measure, Which iS . of admissible
a class one measure, and the mean squared distance distor. sces
tion measure, which is a class two measure. If we select
the maximum absolute distance as the polygon distortion
measure, then we have to use (12) for the segment distortion
and (14) for the polygon distortion. On the other hand, if we
select the mean squared distance as the distortion measure, Py
then we have to use (13) for the segment distortion and (15)
for the polygon distortion. Note that there are many other
polygon distortion measures that fit into this framework,
such as the absolute area or the total number of error pels
between the boundary and the polygon.

1) Admissible Vertex Set Different than Set of Boundary edge (pa’pb)
Points: We now extend our discussion on distortion mea-
sures so that the set of admissible vertex poidtsis Py
not equal to the set of boundary poinfs. Also, the _ o _ o

. . . . Fig. 26. The set of admissible vertices (polygon) or admissible

boundary approximation is done using curves of any order. control points (B-spline) forms a band of width- DA around
Usually, A 2 B, i.e.,, A is a superset ofB and all the boundary.
original boundary points are eligible to become polygon
vertex points. This is not necessary, however, since we 3) Distortion Measures:As mentioned earlier, in the
can eliminate some boundary points from being candidatescase under consideration, there is no obvious correspon-
for vertex points through a preselection procedure in order dence between a segment and a subset of boundary
to reduce the computational complexity of our algorithm. points. Thus, (14) and (15) cannot be used directly. A
The preselection procedure indicates which boundary pointsstraightforward distortion measure that does not have to be
are unlikely to be selected as optimal vertex points by the expressed in the form of (14) and (15) is the area between

boundary encoding a|gorithm_ the Original bOUndary and the polygon apprOXimation.
Let us now concentrate on the more usual case whereHowever, we would prefer to have a distortion measure

A O B. Thus. we now relax the restriction that the that can be expressed using these equations because then

admissible vertices for the polygon belong to the original wet.can use the'DAt(.S shortest path algorithm to find the
boundary. The main drawback of this restriction is that optimtm approximaton. N
one can easily construct an example where for a given To achieve this in the polygonal approximation case,

. ) . ) every admissible vertex (for example, in Fig. 26) is
maximum polygon distortion, the polygon with the smallest associated with the closest boundary point (whichyisn

bit rate uses vertices that do not fall onto boundary points. rig 26). Thus, the approximation curve segmént, p)

The problem with using vertices that do not belong to the 5 associated with the original boundary segméntbs.
boundary is that for a given polygon segment, no direct Then, we can define the segment distortion in any one of
correspondence exists between the segment and a subsete previously mentioned ways, such as maximum absolute
of boundary points. Hence, the polygon distortion cannot distance, mean squared distance, etc.

be formulated as the maximum or sum of the segment Let us now consider the second-order B-spline approx-
distortions unless we define segment distortion in a new imation case. As mentioned before, a second-order B-
way, as we will do in Section IV-B3. spline curve segment is defined by three control points

2) Definition of the Admissible Vertex SeErom a theo-  Pu—1,Pu;Pu+1. The points at the beginning and the end

retical point of view, the set of admissible vertices should Of @ curve segment are called knots. It can be shown that
contain all the pels in the image plane. On the other hand,for the class of B-splines in which we are interested, the

the DAG shortest path algorithm, which we will be using, knots are in the m'de'.nts of the strayght-hng segment t_hat
has a time complexity that is polynomial in the number connects two consecutive control points. This straight-line
segment is tangent to the B-spline. Thus, we need to define

of admissible vertices, and h_ence we would.|_|k_e 0 ke_ep a correspondence between a curve segment (the portion of
that number as small as possible without sacrificing coding {,o B-spline that is between two knots) and a portion of

efficiency. In this approach, the set of all admissible vertices the original boundary. Again, we associate every knot (for
is defined as all the pels that are within a given maximum example, 4 in Fig. 27) with the closest boundary poir (
distanceDM from a boundary point (see Fig. 26). Hence, in Fig. 27). Then, the approximation curve segmeiB
the set of admissible vertices forms a “band” of width is associated with the original boundary segm@ti?, and
2 - DM around the original boundary. we can define the segment distortion in any suitable way.

Band
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one, the rate*(pn.—2,pN-—1) IS Set to zero since the last
vertex does not need to be encoded.

As mentioned earlier, we use a DAG shortest path
algorithm in order to determine the optimal control points
for our boundary approximation. The DAG shortest path

})rigmal boundary algorithm_ is a dynamic programming (DP) algorithm. A
parametric curve of ordet requiresn + 1 control points

per segment. A straight-line segment, which is a first-order

parametric curve, is defined by two control points, the

B-spline ’ ) )

_ o _ vertices of the polygon. Three control points are required
Fig. 27. Definition of the correspondence between B-spline seg- for a second-order B-spline. Thus, in the case of B-splines,
ments and original boundary segments. Round bullets: control .
points; rectangular bullets: knots. the rate required for a segment depends on three control

points. Thus
Of course, the segment distortion will now be a function Ne
of three points, the control points that correspond to the R(po, -+ ,pN,+1) = ZT(I’U*l’pu’le) (17)
Segmentd(pufl7pu7pu+l)- u=0

It should be pointed out that we could have defined the where »(p_;, po,p1) is set equal to the number of bits
correspondence between an approximation curve segmenheeded to encode the absolute position of the first control
and an original boundary segment in a different way. The point p,. Note that in the formulation we use for second-
above definition, however, is in our opinion the most natural order B-splines, there aré/, + 2 control points in the
one. approximation curve. It is straightforward to generalize the

The same correspondence can be defined in the same waygbove discussion to higher order parametric curves.
for B-splines of order three or higher. Again, we associate  The order of the DP algorithm will be equal to the
each knot of the B-spline (which can be found for specific maximum of the order of the curve and the number of
values of the paramete) with the closest boundary point.  vertices used for the prediction of the current vertex. We
We then proceed as before. are interested in minimizing the order of the DP to reduce

4) The Distortion Band:In this section, we present an computational complexity. Thus, it is advantageous for us
alternative way of defining the distortion for the maxi- to use for the prediction of the current vertex a number of
mum approach of the previous section, which is easier vertices that is equal to the order of the curve.
to implement. We define a distortion band around the |n the remainder of this paper, we introduce fast and
original boundary of widthD,,.x, the desired maximum efficient algorithms for both classes of polygon distortion
allowable distortion. Thus, for a faster implementation of measures that solve the following constrained optimization
the algorithm, we can calculate the locations of the points problem:
from where the boundary approximation is allowed to pass

in a preliminary step of our algorithm. Then, it is very min D(po,"'apl\fp—l)
. . . g Po,y o PNp—1
easy and fast to see if a candidate segment satisfies the
distortion requirement. subject to
R(p07 Tt 7pr—1) S Rma.x (18)
C. Rate

where R, iS the maximum bit rate permitted for the
encoding of the boundary. We also present algorithms that
solve the dual problem

As mentioned earlier, we assume that the vertices of the
polygon are encoded differentially, which is an efficient
method for natural boundaries since the location of the
current vertex is strongly correlated with the location of the min R(p(), . 7PNP—1)
previous one. This is the only restriction that we impose on Po,PNp—1
the encoding of the vertices of the polygon or the control subject to
points of the parametric curve. We denote the required bit

rate for the differential encoding of vertey, given vertex D(po, e 7pr71) < Diax (19)
.1 by r(px_1, pr). Hence, the bit raté e DNp—
fgr %heyer(ft)il;elp’)gfjgon is (Do, Prvp—1) where D, is the maximum distortion permitted. Note
that there is an inherent tradeoff between the rate and the

r(Pr_1,Dk) (16) rate, whereas a small rate results in a high distortion. As we
will see, the solution approaches for problems (18) and (19)
are related in the sense that the algorithms are symmetric
wherer(p_1,po) is set equal to the number of bits needed with respect to the rate, and the distortion or the algorithm
to encode the absolute position of the first vertex. For a developed to solve problem (19) is used iteratively to solve
closed boundary, i.e., the first vertex is identical to the last problem (18).

Np—1 distortion in the sense that a small distortion requires a high
R(va T 7pr71) =

k

[}
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D. An Algorithm for Distortion Measures
Based on the Summation Operator

In this section, we derive a solution to problem (18) for
a distortion measure based on (15), such as the maximum
absolute distance. The solution is based on the Lagrange
multiplier method [56]-[58] and the shortest path algorithm.

It should be noted that the algorithm is symmetric in the
rate, and the distortion and hence the same technique can
be employed for the minimum distortion case (18) and
the minimum rate case (19). We will therefore only solve
the minimum distortion case, and the minimum rate case
can be solved be applying the following relabeling to the Fig. 28. A specific example of a directed acyclic graph for the

function namesl)(po, L. 7PNP—1) - R(po, L. 7pr—1) polygonal approximation case. The optimal path is shown in bold.

and R(po, - -+, pnp—1) < D(po, -+, PNp—1)-

We will present the method for the polygonal approx- case), and the edges correspond to the possible segments
imation case where only boundary points are admissible of the approximation polygon. The edges have weights
as polygon vertices. We will, however, discuss how the w(pg_1,px). The a;’s in this figure are the admissible
method is extended to the more general case. vertex points. For the time being, let us assume that only

The Lagrange multiplier method is extremely useful for original boundary points are eligible to become vertex
solving constrained resource-allocation problems. In this points. Thus, our problem reduces to finding the shortest
application, we will use the Lagrange multiplier method path petween the first and last vertex of the graph. This will
to relax the constraint so that the re_Iaxed problem can begive us the optimal vertices of the approximation polygon,
solved using the shortest path algorithm. since it will give us the path that minimizes the Lagrangian

We first define the Lagrangian cost function cost function.

We need to start the search for an optimal polygon at
a given vertex. If the boundary is not closdg, has to
+A-R(po. - pnp-1) (20) be selected as the first vertgy. For a closed boundary,

where) is called the Lagrange multiplier. It has been shown the selection of the first vertex is less obvious. Ideally, the

Ia(pos -+, pnp-1) = D(po,- -, pnp-1)

in [56] and [57] that if there is &* such that algorithm should find all the optimal vertices, including
the first one. Unfortunately, the above DAG requires a

{pév"'va’p—l} = arg ._I.nin Ix-(po, -+, PNp—1) starting vertex. Hence, we need to fix the first vertex,
porbNe 21) even for a closed boundary. Therefore, the found solution

is optimal, given the constraint of the predetermined first

and which leads toR(po, -, pnp—1) = Rumax, then vertex. Clearly, we can drop this constraint by finding all
{ph, . Pi,_1} is also an optimal solution to (18). It is optimal approximations using each boundary point as a

well known that when\ sweeps from zero to infinity, the  starting vertex and then selecting the overall best solution.
solution to (21) traces out the convex hull of the operational This exhaustive search with respect to the initial vertex
rate-distortion function, which is a nonincreasing function. is computationally quite expensive. We therefore propose
Hence, bisection [59] or the fast convex search we pre- to select the point with the highest curvature as the first
sented in [60] can be used to find. Therefore, if we vertex, since it is the most likely point to be included in

can find the optimal solution to the unconstrained problem any polygonal approximation. This heuristic almost always
(21), then we can find the optimal and the convex hull  results in the best possible selection of the initial vertex,

approximation to the constrained problem of (18). and, if not, the performance difference is negligible.
We can find a very efficient way of minimizing the We relabel the boundary so that the first vertex of the
Lagrangian cost function if we note that polygon py coincides with the first point of the boundary
N1 bo. Besides fixing the first vertex of the polygon, we also
_ . require that the last vertexy,._1 is equal to the last point
J Lo DPNL—1) = —1, Dk 22 Np
A(po Py 1) l;) w(pr-1, 1) (22) of the boundaryby,_;. This leads to a closed polygonal

approximation for a closed boundary. For a boundary that
where is not closed, this condition, together with the starting
condition, makes sure that the approximation starts and ends
at the same points as the boundary.
are graph weights. It is clear from the above equations that The classical algorithm for solving such a shortest path
the problem of minimizing the Lagrangian cost function problem is Dijkstra’s algorithm [61]. We can, however, use
can be formulated in the form of a directed graph (see a simpler algorithm by observing that it is very unlikely
Fig. 28). The vertices of the graph correspond to the for the optimal path to select a boundary pointas a
admissible vertex points (control points in the higher order vertex when the last selected vertex waswherei > j.

w(pr—1,P) = d(Pr—1,Px) + A - 7(Pr—1,Pr) (23)
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Fig. 29. Examples of polygons with rapid changes in direction.
In general we cannot guarantee that the optimal path will A |/) L;,o
not do this since the selection process depends on the i/ L1 7 -
vertex encoding scheme, which we have not specified yet. & Lo | 6 Lo |
On the other hand, a polygon where successive vertice Yy B 551
are not assigned to boundary points in increasing order L | 4 N |
can exhibit rapid direction changes even when the original s | 3] G|
boundary is quite smooth (see Fig. 29). Therefore, we add I 5 \ e | 5 %
the restriction that not every possible combinatiofitefb; ) . . | s
represents a valid edge but only the ones for whieh ;. Y X
Hence, the edge sdt is redefined in the following way: ] bt
E = {(b;,b;) € B?:i < j} (see Fig. 30). This restriction @ (b)
results in the fact that a given vertex set uniquely specifies Fig. 30. Interpretation of the boundary and the polygon approx-
the polygon. imation as a weighted directed graph. Note that the set of all
segmentsE equals{(b;,b;) € B? : i < j}. Two representative

If we impose the above restriction for the admissible _ ' ™ displayed. (d(bs.b;) € B* : Vj > 4}. (b)
solution, our graph becomes a DAG. Thus, we can US€ {(i.b;) € B2 : ¥j > 8}.
the DAG shortest path algorithm [61], which has a lower
computational complexity than Dijkstra’s algorithm.

1) Extension to the General Casén this section, we ex-
tend the above algorithm to the more general case o

higher order approximation curves. Let us now assume thatPath algorithm. . . .
we are using second-order B-splines instead of polygons. The algorithm can be extended to higher dimensional B-

For simplicity, let us assume that only boundary points splines. In this case, the states of the DAG would have a

are eligible to become control points. We will revisit the dimension equal to the order of the curves. .
problem of Section IV-D for the case of second-order B- Let us now assume that the set of admissible vertices or

splines. control points is a superset of the set of boundary points.
Let us rewrite the Lagrangian cost function as The .ab.ove alg.orlthm can be u_sed.mtact if we 'order the
admissible vertices or control points in a systematic way.

Except for these differences, the resulting graph is a DAG,
sand the shortest path can be found using the DAG shortest

Np This is necessary in order for the problem to be expressed
N (po, PN, — ) = Zw(pufbpu,puﬂ) (24) in the form of a DAG. Any reasonable way for ordering
u=1 the admissible vertices can be used. The interested reader
where is referred to [62].
W(Pu—1, Pus Put1) E. Algorithms for Distortion Measures

=d(Pu—1,Pu,Put1) + A - 7(Du—1,Pus Put1)- (25) Based on the Maximum Operator

1) Minimum Rate CaseWe now consider the minimum
rate case, which is stated in (19). We assume a distortion
measure that is based on the maximum operator. This
problem can be solved in exactly the same way shown in
Section IV-D by redefininguv(ps_1,px) as

Note that noww(-), d(-), andr(-) depend on three control
points. Also note that as mentioned earlier, in the beginning
and end of the curve, we have double control points.

The above two points lead us to define the vertices of the
graph, which we will now call states, in a different way. The

states are now two dimensional, as shown in Fig. 31. Each _ Joo:d(pr_1,pr) > Dumax
state now involves two possible control poifts, a;). As w(pr—1,Pk) = P(Dre1,p1) : A(Pre1,P1) < Dimax-
mentioned earlier, the weights involve three control points. (26)
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Fig. 31. An example of a DAG for the B-spline approximation case. One of these paths is the

optimal path.

Note that the above definition of the weight function leads
to a length of infinity for every path (polygon) that includes

form R*(D;,,.) < Rumax, but only after an infinite number

of iterations. Therefore, if we have not found®,,, such

a line segment, resulting in an approximation error larger that R*(D,,.x) = Rumax after a given maximum number of

than D,,... Therefore a shortest path algorithm will not
select these paths. Every path that starts at vesrteand

ends at verteyy,_1 and does not result in a path length
of infinity results in a path length equal to the rate of the

iterations, we terminate the algorithm.

3) The Sliding Window:By using the distortion band
(Section IV-B4) for the maximum distortion approach, the
solution of the DAG shortest path algorithm may result in

polygon it represents. Therefore, the shortest of all thosea trivial solution (see Fig. 32). We need a way to force
paths corresponds to the polygon with the smallest bit rate, the algorithm along the boundary in order to find a curve.

which is the solution to the problem in (19).

2) Minimum Distortion Case:We now consider the min-
imum distortion case, which is stated in (18). The goal
of the proposed algorithm is to find the polygon with the
smallest distortion for a given bit budget for encoding its

With the introduction of asliding window,we not only
avoid trivial solutions but also are able to control the
speed of the algorithm. The sliding window indicates the
admissible selections for the next control pojnt (see
Fig. 32). Thus, trivial solutions are eliminated, and the

vertices. Sometimes this is also called a rate-constrainedcomputational complexity of the algorithm is decreased.

approach. Recall that for class one distortion measures,

the polygon distortion is defined as the maximum of the

segment distortions [see (14)]. Hence, in this section, we

propose an efficient algorithm that finds the polygonal
approximation with the smallest maximum distortion for
a given bit rate.

We propose an iterative solution to this problem that

F. Experimental Results

1) Polygonal Approximation Casetn this section, we
present experimental results of the proposed algorithms
using object boundaries from the “Miss America” sequence.
We first present results for class one distortion measures,
where the employed distortion measure is the minimum

is based on the fact that we can solve the dual problem absolute distance. In Fig. 34, we compare the original

stated in (19) optimally. ConsideD,,,, in (19) to be

a variable. We derived in Section IV-E1 an algorithm
that finds the polygonal approximation that results in the
minimum rate for anyD,,,... We denote this optimal rate
by R*(Dpax). It was proven in [62] that the ratB* (D, )

is a nonincreasing function ab,,.,, which means that

DI];la.X < DIQHaX Implles R*(DI];laX) Z R*(DIQHaX)'
Thus, we can use bisection [59] to find the optimal
Dt .. such thatR*(D; . ..) = Rpax. Since this is a

discrete optimization problem, the functid®*(D,ya.y) IS

segmentation, which is displayed in the left figure, versus
the optimal segmentation for a maximum distortibx,

of 1 pel, which is displayed in the right figure. The two
objects in the original segmentation require 468 bits if
encoded by an eight-connect chain code, whereas the
optimal segmentation can be encoded with only 235 bits.
By introducing a permissible maximum error of one pel,
we are able to reduce the total bit rate by about 50%.
As expected, some of the details have been lost, i.e.,
the boundary has been “straightened.” This smoothing of

not continuous and exhibits a staircase characteristic (seehe boundary might be desired since most segmentation

Fig. 33). This implies that there might not exista; ...
such thatR*(D} ..) = Rumax. In that case, the proposed

max

algorithm will still find the optimal solution, which is of the

1148

algorithms result in noisy boundaries. In Fig. 35, we show
the resulting segmentation for the minimum distortion case
for multiple boundaries. The maximum rat®,,.. has
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D Boundary point b from set B
| Admissible control point a from set A
Fig. 32. The sliding window restricts the selection of control pojnty; to all the admissible
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solutions.
-
D
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Fig. 33. The R*(Dmax) function, which is a nonincreasing function exhibiting a staircase
characteristic. The selectefl,.x falls onto a discontinuity, and therefore the optimal solution
is of the formR*(Dy},.«) < Rmax instead ofR*(D},,..) = Rumax-

max

been set to 280 bits, and the optimal solution, which uses The “neck” object required 127 bits, whereas the “mouth”
274 bits for aD,,.x = 0.71 pels, is displayed in the left  object required 84 bits for a total of 211 bits (Fig. 36). The
figure. Fig. 35(b) is a closeup of the lower boundary in polygonal approximation required 235 bits.
Fig. 35(a), and the stars indicate the original boundary We also encoded 100 frames of the Kids sequence and
with the polygonal approximation drawn on top of it. averaged the resulting bit rates adg. The experiments

2) B-Spline Approximation CaseWWe encoded the same were run forD,,, = 0.7,1,1.5,2,2.5, and 3 pels. The
boundaries as in the previous section using the B-splineresults are shown in Fig. 37. It can be seen that the
algorithm. The distortion bandwidth was also set to 1 pel. results are comparable with the best results achieved by
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Fig. 34. (a) Original segmentation, which requires 468 bits using the eight-connect chain code.
(b) Optimal segmentation witthm.x = 1 pixel, which requires a rate of 235 bits and results
in a distortion of 1 pixel.
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Fig. 35. (a) Optimal segmentation witf?,. = 280 bits, which results in a distortion of 0.71
pixels and a bit rate of 274 bits. (b) Closeup of the lower boundary; the stars indicate the original
boundary and the line represents the polygonal approximation. The upper left corner has been
selected as the first vertex.

the baseline algorithm in MPEG-4 (Fig. 17). It should be V. CoNcLUSION

pointed out here that the control-point encoding scheme

used [62] is very simple, and hence further research will ~Within MPEG-4, several shape-coding algorithms were

very likely result in an overall scheme that is even more €valuated. In terms of coding efficiency, a context-based

efficient. shape coder operating on a macroblock basis and a vertex-
Fig. 38 shows the reconstructed frame 17 of the Kids based shape coder performed similarly, with the context-

sequence using,,... = 0.7. The resultingd,, was 0.0171, based shape coder providing better coding efficiency for

and 979 bits were required for the encoding. lossless shape coding and the vertex-based shape coder
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Fig. 37. Rate-distortion curve for the Kids sequence using the
B-spline approach in the intramode. Bit rates and distortion aver-
ages are given for 100 frames.

Fig. 38. Frame 17 of the Kids sequence encoded using
Dmax = 0.7. This encoding required 979 bits, resulting in
d, = 0.0171.

mation of the current pel. An arithmetic encoder is used
to encode the current pel given the context. To exploit
temporal redundancies, shape motion vectors with integer
pel precision are estimated for shape motion compensation.
These vectors are encoded predictively with respect to the
texture motion vectors. Lossless shape coding of simple
head and shoulder scenes at CIF resolution may require 300
bits/frame for the head-and-shoulder object; complicated
objects may require an order of magnitude more bits. For
transparent objects, the object outline is encoded using the
binary shape-coding technique. If the object has constant
transparency, this transparency value gets transmitted along
with optional boundary filter information. For nonconstant
transparency information, the 8-bit-plane is encoded
using a hybrid coder with DCT and motion compensation.

The selection of the shape-coding algorithm was based on
information available in April 1997. Considering that shape
coding is a relatively new area within image processing,
more research is required to gain a complete understanding
of all the different aspects of shape coding. MPEG-4 will
serve as the baseline against which new shape-coding
techniques will have to compete.

As a first step toward this direction, we presented an
efficient vertex-based framework for the lossy encoding
of object shapes. The object shape is approximated by a
polygon or second-order B-spline curve, which leads to the
smallest bit rate for a given distortion. The polygon or B-
spline curve is found by a shortest path algorithm since
the problem can be described as a single-source DAG.

providing slightly better coding efficiency for lossy shape | our discussion, we did not elaborate on the encoding
coding. In terms of hardware-implementation complexity, of the vertices for the polygon and the control points for

however, the block-based method allows for a regular the B-spline. We used a simple extension to eight-connect
memory access to the shape information, whereas thechain codes in the experimental results. However, a more
vertex-based method requires irregular access to an off-sophisticated encoding scheme for the control-point vectors
chip cache. Therefore, the macroblock-based context-basednight result in lower bit rates. Higher order curves as well

shape coder was selected as the base technology of MPEGas distortion bands of variable width can be incorporated
4 shape coding. It integrates nicely with the block-based into the proposed framework in a straightforward way.

texture motion compensation and coding. Within a mac-

MPEG-4 is the first international standard covering shape

roblock, the context-based shape coder defines a 9- orcoding. It will be finalized in November 1998. The main
10-pel causal context for encoding the binary shape infor- purpose of the shape coder within MPEG-4 is not to
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increase coding efficiency for conventional video, although

that has also been shown to accomplish this for some video
sequences. Its primary purpose is to enable many new func-

[1

7]

tionalities and applications such as object-based data bas¢18]

access, content-based image and video representation, video

editing, efficient storage of movies prior to composition, [19]
and more.

ACKNOWLEDGMENT

The authors wish to acknowledge that the material
on MPEG-4 shape coding techniques was primarily [21]
contributed by J. Ostermann, while the rest of the material
was contributed by the remaining authors. The authors wish[22]
to thank C. S. Boon, Matsushita, for providing the data for

Figs. 21 and 22 and C. L. Jordan, EPFL, for providing 23
Fig.

14. J. S. Shin, SAIT, created Figs. 15-20 during the

MPEG meeting in Bristol, U.K., to help the evaluation. M.
Rong created Fig. 1. They also wish to thank Y. Wang and (24]
A. Reibman for their review of parts of this paper related

(20]

]

to MPEG-4. [25]
REFERENCES [26]
[1] H. Musmann, M. Htter, and J. Ostermann, “Object-oriented
analysis-synthesis coding of moving imageSjgnal Process.
vol. 1, pp. 117-138, Oct. 1989. [27]
[2] M. Kunt, “Second-generation image coding techniquéxdc.
IEEE, vol. 73, pp. 549-574, Apr. 1985.
[3] R. Koenen, Ed., “Overview of the MPEG-4 standard,” Inter- [28]

[4] W. Li and M. Kunt, “Morphological segmentation applied

[5] T. Alpert, V. Baroncini, D. Choi, L. Contin, R. Koenen, and

(6]

national Standards Organization, Stockholm meeting, ISO/IEC
JTC1/SC29/WG11 N1730, July 1997.

to displaced difference coding3ignal Process.vol. 38, pp.
45-56, July 1994.

F. P. Peterson, “Subjective evaluation of MPEG-4 codec pro-
posals: Methodological approach and test procedurgsiial
Process. vol. 9, pp. 303-325, May 1997.

N. Diehl, “Object-oriented motion estimation and segmentation
in image sequencesSignal Process.vol. 3, pp. 23-56, 1991.

[7] J. Ostermann, “Object-oriented analysis-synthesis coding based

(8]

[9] J. Ostermann,

(10]

(11]

[12]

(13]

(14]

[15]
(16]

1152

on the source model of moving rigid 3D objectsSignal
Process. vol. 6, pp. 143-161, 1994.

M. Hotter, “Optimization and efficiency of an object-oriented
analysis-synthesis coderJEEE Trans. Circuits Syst. Video
Technol, vol. 4, pp. 181-194, Apr. 1994.

“Object-oriented analysis-synthesis coding

[29]

(30]

(31]

(32]

Standards Organization, 1SO Draft International Standard
11544, 1992.

A. N. Netravali and B. HaskelDigital Pictures, Representation
and Compressian New York: Plenum, 1988.

H. Freeman, “On the encoding of arbitrary geometric configura-
tions,” IRE Trans. Electron. Compuytvol. EC-10, pp. 260-268,
June 1961.

M. Eden and M. Kocher, “On the performance of a contour
coding algorithm in the context of image coding. Part I: Contour
segment coding,’Signal Process.vol. 8, pp. 381-386, July
1985.

M. Hotter, “Object-oriented analysis-synthesis coding based on
moving two-dimensional objectsSignal Process.vol. 2, pp.
409-428, Dec. 1990.

G. M. Schuster and A. K. Katsaggelos, “An optimal segmen-
tation encoding scheme in the rate distortion sensePruc.
IEEE Int. Symp. Circuits and Systeni®996, pp. 640-643.

G. M. Schuster and A. K. Katsaggelos, “An optimal boundary
encoding scheme in the rate distortion send&EE Trans.
Image Processingvol. 7, pp. 13-26, Jan. 1998.

K. J. O’Connell, “Object-adaptive vertex-based shape coding
method,”|IEEE Trans. Circuits Syst. Video Technalol. 7, pp.
251-255, Feb. 1997.

C. T. Zahn and R. Z. Roskies, “Fourier descriptors for plane
closed curves,IEEE Trans. Computvol. C-21, pp. 269-281,
Mar. 1972.

P. Salembier, F. Marques, and A. Gasull, “Coding of partition
sequences,” invideo Coding L. Torres and M. Kunt, Eds.
Boston, MA: Kluwer, 1996, pp. 125-170.

J. Saghri and H. Freeman, “Analysis of the precision of gen-
eralized chain codes for the representation of planar curves,”
IEEE Trans. Pattern Anal. Machine Intellvol. PAMI-3, pp.
533-539, Sept. 1981.

J. Koplowitz, “On the performance of chain codes for quanti-
zation of line drawings,"EEE Trans. Pattern Anal. Machine
Intell., vol. PAMI-3, pp. 180-185, Mar. 1981.

D. Neuhoff and K. Castor, “A rate and distortion analysis of
chain codes for line drawings[EEE Trans. Inform. Theory
vol. IT-31, pp. 53-68, Jan. 1985.

T. Kaneko and M. Okudaira, “Encoding of arbitrary curves
based on the chain code representatitBEE Trans. Commun.
vol. COM-33, pp. 697-707, July 1985.

R. Prasad, J. W. Vieveen, J. H. Bons, and J. C. Arnbak,
“Relative vector probabilities in differential chain coded line-
drawings,” in Proc. IEEE Pacific Rim Conf. Communication,
Computers and Signal Processjngctoria, Canada, June 1989,
pp. 138-142.

P. Nunes, F. Pereira, and F. Marques, “Multi-grid chain coding
of binary shapes,” irProc. Special Session on Shape Coding,
ICIP'97, Santa Barbara, CA, 1997, pp. 114-117.

T. Ozcelik and A. K. Katsaggelos, Very Low Bit Rate Video
Coding Based on Statistical Spatio-Temporal Prediction of
Motion, Segmentation and Intensity Fields, Wideo Data
Compression for Multimedia Computing, H. Li, S. Sun, and

H. Derin, Eds. Norwell, MA: Kluwer, 1997, pp. 313-353.

(OOASC) based on the source model of moving flexible 3D [33] A. K. Jain,Fundamentals of Digital Image Processingengle-

objects,”|IEEE Trans. Image Processingol. 3, pp. 705-711,
Sept. 1995.

P. Gerken, “Object-based analysis-synthesis coding of image
sequences at very low bit ratedEEE Trans. Circuits Syst. [
vol. 4, pp. 228-235, June 1994,

G. Martinez, “Shape estimation of articulated objects for object-
based analysis-synthesis coding (OBASC$ignal Process.
vol. 9, pp. 175-199, Mar. 1997.

Y. Wang and O. Lee, “Active mesh—A feature seeking and
tracking image sequence representation scheti&E Trans.
Image Processingvol. 3, pp. 610-624, Sept. 1994.

Y. Altunbasak and A. M. Tekalp, “Closed-form connectivity-
preserving solutions for motion compensation using 2-D
meshes,|EEE Trans. Image Processingol. 6, pp. 1255-1269,
Sept. 1997.

CompuServe, Inc., “Graphics interchange format (sm), version
89a,” Columbus, OH, July 1990.

(36]

(37]

(38]

“Facsimile coding schemes and coding functions for group 4 [39]

facsimile apparatus,” CCITT Recommendation T.6, 1994.
“Coded representation of picture and audio informa-
tion—Progressive bi-level image compression,” International

wood Cliffs, NJ: Prentice-Hall, 1989.

[34] P. van OtterlooA Contour-Oriented Approach for Shape Anal-
35]

ysis Hertfordshire, UK: Prentice-Hall, 1991.

N. Brady, F. Bossen, and N. Murphy, “Context-based arithmetic
encoding of 2D shape sequences,”Hroc. Special Session on
Shape Coding, ICIP97Santa Barbara, CA, 1997, pp. 1-29-32.
N. Yamaguchi, T. Ida, and T. Watanabe, “A binary shape
coding method using modified MMR,” iRroc. Special Session
on Shape Coding, ICIP97Santa Barbara, CA, 1997, pp. I-
504-508.

S. Lee, D. Cho, Y. Cho, S. Son, E. Jang, and J. Shin, “Binary
shape coding using 1-D distance values from baselineé?tat.
Special Session on Shape Coding, ICIPS@nta Barbara, CA,
1997, pp. 1-508-511.

J. Ostermann, “Methodologies used for evaluation of video
tools and algorithms in MPEG-4 Signal Process.vol. 9, pp.
343-365, 1997.

T. Sikora, S. Bauer, and B. Makai, “Efficiency of shape-
adaptive transforms for coding of arbitrarily shaped image
segments,”IEEE Trans. Circuits Syst. Video Technolol. 5,

pp. 254-258, June 1995.

PROCEEDINGS OF THE IEEE, VOL. 86, NO. 6, JUNE 1998



[40] J. Kim and B. L. Evans, “Predictive shape coding using generic
polygon approximation,” irProc. ISCAS’98Monterrey, CA, to

be published.

T. Chen, C. T. Swain, and B. G. Haskell, “Coding of subregions
for content-based scalable videdEEE Trans. Circuits Syst.
Video Techno).vol. 7, pp. 256-260, Feb. 1997.

P. M. Kuhn and W. Stechele, “Complexity analysis of the
emerging MPEG-4 standard as a basis for VLSI implemen-
tation,” in Proc. SPIE Visual Communications and Image Pro-
cessing,San Jose, CA, 1998, vol. 3309, pp. 498-509.

P. Kuhn, “A portable instruction level profiler for complex-
ity analysis documentation,” International Standards Organi-
zation, ISO/IEC JTC1/WG11 MPEG96/M0921, Tampere, Fin-
land, 1996.

J. Arnold and M. Frater, International Standards Organiza-
tion, ISO/IEC JTC1/SC29/WG11, Bristol meeting, Apr. 1997,
private communication.

J. Brailean, “Report of Ad-Hoc Group on Error Resilience,” In-
ternational Standards Organization, ISO/IEC JTC1/SC29/WG11
M2113, Bristol meeting, Apr. 1997.

T. Ebrahimi, Ed., “MPEG-4 video verification model ver-
sion 8.0,” International Standards Organization, ISO/IEC
JTC1/SC29/WG11 MPEG97/N1796, July 1997.

T. Ebrahimi, Ed., MPEG-4 video verification model
version 5, International Standards Organization, ISO/IEC
JTC1/SC29/WG11 MPEG97/N1469, Nov. 1996.

J. W. Stroming, Y. Kang, T. S. Huang, and S. M. Kang,
“New architectures for modified MMR shape coding,”Rmnoc.
ISCAS’97 Hong Kong, June 1997, pp. 1205-1208.

W. Chen and M. Lee, “Alpha-channel compression in video
coding,” in Proc. Special Session on Shape Coding, ICIP'97
Santa Barbara, CA, 1997, pp. 500-503.

F. W. Meier, “An efficient shape coding scheme using B-splines
which is optimal in the rate-distortion sense,” master’s thesis,
Northwestern University, Evanston, IL, June 1997.

F. W. Meier, G. M. Schuster, and A. K. Katsaggelos, “An
efficient boundary encoding scheme which is optimal in the
rate-distortion sense,” ifProc. Int. Conf. Image Processing
Santa Barbara, CA, 1997, pp. 11-9-12.

F. W. Meier, G. M. Schuster, and A. K. Katsaggelos, “An ef-
ficient boundary encoding scheme using B-spline curves which
is optimal in the rate-distortion sense,” Rroc. 2nd Erlangen
Symp., Advances in Digital Image Communicati@nlangen,
Germany, Apr. 1997, pp. 75-84.

J. D. Foley, A. van Dam, S. Feiner, and J. Hugh@smputer
Graphics: Principles and Practice Reading, MA: Addison-
Wesley, 1990, pp. 478-516.

G. M. Schuster and A. K. Katsaggelos, “An optimal lossy seg-
mentation encoding scheme,” Rroc. SPIE Conf. Visual Com-
munications and Image Processjridar. 1996, pp. 1050-1061.
G. M. Schuster and A. K. Katsaggelos, “An optimal segmen-
tation encoding scheme in the rate-distortion sensePruc.

Int. Symp. Circuits and Systep&tlanta, GA, May 1996, vol.

2, pp. 640-643.

H. Everett, “Generalized Lagrange multiplier method for solv-
ing problems of optimum allocation of resource§per. Res.
vol. 11, pp. 399-417, 1963.

Y. Shoham and A. Gersho, “Efficient bit allocation for an
arbitrary set of quantizers|EEE Trans. Acoust., Speech, Signal
Processingvol. 36, pp. 1445-1453, Sept. 1988.

K. Ramchandran, A. Ortega, and M. Vetterli, “Bit allocation
for dependent quantization with applications to multiresolution
and MPEG video codersJEEE Trans. Image Processingol.

3, pp. 533-545, Sept. 1994.

C. F. Gerald and P. O. Wheatlefpplied Numerical Analysjs
4th ed. Reading, MA: Addison-Wesley, 1990.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]
mode and quantizer selection in the rate distortion sense for
H.263,” in Proc. SPIE Conf. Visual Communications and Image
Processing Mar. 1996, pp. 784—-795.

T. Cormen, C. Leiserson, and R. Rivebtiroduction to Algo-
rithms New York: McGraw-Hill, 1991.

G. M. Schuster and A. K. Katsaggeld?ate-Distortion Based
Video Compression, Optimal Video Frame Compression and
Object Boundary Encoding Norwell, MA: Kluwer, 1997.

J. Ostermann, Ed., “Core experiments on MPEG-4 video
shape coding,” International Standards Organization,

[61]
(62]

[63]

KATSAGGELOS et al. SHAPE-CODING TECHNIQUES

T
G. M. Schuster and A. K. Katsaggelos, “Fast and efficient

ISO/IEC/JTC1/SC29/WG11 N1584, Seville meeting, Feb.
1997.
[64] M. Hotter, “Objectorientiere analyze-synthese codierung

basierend auf dem modell bewegter, zweidimensinalen
objekte,” Ph.D. dissertation, UniverattHannover, Fortschritt-
Berichte VDI, Hannover, Germany, 1992.

C. L. Jordan, F. Bossen, and T. Ebrahimi, “Scalable shape
representation for content based visual data compression,” in
Proc. Special Session on Shape Coding, ICI|P%anta Barbara,
CA, 1997, pp. 512-515.

[66] C. S. Boon, private communications, July 1995.

(65]

Aggelos K. Katsaggelos(Fellow, |IEEE) re-

ceived the diploma degree in electrical and me-
chanical engineering from the Aristotelian Uni-
versity of Thessaloniki, Thessaloniki, Greece,
3 : in 1979 and the M.S. and Ph.D. degrees in
_'_' electrical engineering from the Georgia Institute

e of Technology, Atlanta, GA, in 1981 and 1985,

respectively.

In 1985, he joined the Department of Electri-
'. cal Engineering and Computer Science at North-

: western University, Evanston, IL, where he is
currently a Professor and the Ameritech Chair of Information Technology.
During the 1986-1987 academic year, he was an Assistant Professor with
the Department of Electrical Engineering and Computer Science, Polytech-
nic University, Brooklyn, NY. His current research interests include image
and video recovery, video compression, motion estimation, boundary en-
coding, computational vision, and multimedia signal processing. He was an
Area Editor forGraphical Models and Image Processi(it92-1995). He
is the editor oDigital Image RestoratiofHeidelberg, Germany: Springer-
Verlag, 1991), coauthor oRate-Distortion Based Video Compression
(Norwell, MA: Kluwer, 1997), and coeditor oRecovery Techniques for
Image and Video CompressiofNorwell, MA: Kluwer, to be published).

He was the General Chairman of the 1994 Visual Communications and
Image Processing Conference (Chicago, IL).

Dr. Katsaggelos is an Ameritech Fellow, a member of the Associate
Staff, Department of Medicine, Evanston Hospital, and a member of
the International Society for Optical Engineering. He is a member of
the Steering Committees of IEEERANSACTIONS ON MEDICAL IMAGING
and IEEE TRANSACTIONS ON IMAGE ProcessING the IEEE Technical
Committees on Visual Signal Processing and Communications, Image
and Multidimensional Signal Processing, and Multimedia Signal Pro-
cessing; the Technical Chamber of Commerce of Greece; and Sigma
Xi. He was an Associate Editor of IEEERANSACTIONS ON SIGNAL
PrOCESSING (1990-1992) and is currently the Editor-In-Chief of IEEE
SIGNAL ProcEssINGMAGAzINE. He will be the Technical Program Cochair
of the 1998 IEEE International Conference on Image Processing (Chicago,
IL).

Lisimachos P. Kondi (Student Member, IEEE)
was born in Athens, Greece, on June 23,
1971. He received the diploma degree from
the Aristotelian University of Thessaloniki,
Thessaloniki, Greece, in 1994 and the M.S.
degree from Northwestern University, Evanston,
IL, in 1996, both in electrical engineering. He is
pursuing the Ph.D. degree in the Department
of Electrical and Computer Engineering at
Northwestern University.

His research interests include very-low-bit-
rate scalable video compression and shape coding.

1153



Fabian W. Meier was born on July 21, 1968, in Guido M. Schuster (Member, IEEE) received
Zurich, Switzerland. He received the B.S. degree the Ing HTL degree in elektronik, Mess-, und
in electrical engineering from the Rapperswil Regeltechnik from the Neu Technikum Buchs
School of Engineering, Switzerland, in 1995 (NTB), Buchs, St. Gallen, Switzerland, in 1990.
and the M.S. degree in electrical engineering He received the M.S. and Ph.D. degrees in
from Northwestern University, Evanston, IL, in electrical engineering from Northwestern Uni-
1997. versity, Evanston, IL, in 1992 and 1996, respec-
Since 1997, he has been with Silicon tively.
Graphics, Inc., Mountain View, CA, where In 1996, he joined the Network Systems Divi-
he is involved in the design of a video sion of U.S. Robotics (now the Carrier Systems
codec application-specific integrated circuit for Business Unit of 3Com), Mount Prospect, IL,
professional high-definition television applications. Before receiving the where he cofounded the Advanced Technologies Research Center. He has
undergraduate degree, he conducted solar-energy research in Switzerlandeceived several patents in fields ranging from adaptive control over video
His current research interests include image compression, shape codingcompression to Internet telephony. He is the coauthdrRate-Distortion

three-dimensional graphics, and agent technology. Based Video CompressiofNorwell, MA: Kluwer, 1997). His current
research interests are operational rate-distortion theory and networked
multimedia.

At the NTB, Dr. Schuster received the Gold Medal for Academic Ex-

Jorn Ostermann studied electrical engineering cellence and won the First Annual Landis & Gyr Fellowship Competition.

and communications engineering at the Univer-
sity of Hannover, Germany, and Imperial Col-
lege London, England, respectively. He received
the Dipl.-Ing. and Dr.-Ing. from the University
of Hannover in 1988 and 1994, respectively.
From 1988 to 1994, he was a Research Assis-
tant with the Institut @ir Theoretische Nachrich-
tentechnik conducting research in low-bit-rate
and object-based analysis-synthesis video cod-
: ing. During 1994-1995, he was with the Visual
Communications Research Department at Bell Labs. Since 1996, he has
been with the Image Processing and Technology Research Lab within
AT&T Labs-Research, Red Bank, NJ. From 1993 to 1994, he was
Chairman of the European COST 211 sim group coordinating research in
low-bit-rate video coding. Within MPEG-4, he organized the evaluation
of video tools to start defining the standard. Currently, he is Chairman of
the Ad Hoc Group on Coding of Arbitrarily-Shaped Objects in MPEG-
4 Video, defining the content-based video-coding aspects of MPEG-4.
His current research interests are video coding, computer vision, three-
dimensional modeling, face animation, and coarticulation of acoustic and
visual speech.

1154 PROCEEDINGS OF THE IEEE, VOL. 86, NO. 6, JUNE 1998



