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Object-Based Transcoding for Adaptable
Video Content Delivery

Anthony Vetro, Member, IEEE, Huifang Sun, Fellow IEEE, and Yao Wang, Senior Member, IEEE

Abstract—This paper introduces a new framework for video
content delivery that is based on the transcoding of multiple video
objects. Generally speaking, transcoding can be defined as the
manipulation or conversion of data into another more desirable
format. In this paper, we consider manipulations of object-based
video content, and more specifically, from one set of bit streams
to another. Given the object-based framework, we present a set of
new algorithms that are responsible for manipulating the original
set of video bit streams. Depending on the particular strategy that
is adopted, the transcoder attempts to satisfy network conditions
or user requirements in various ways. One of the main contri-
butions of this paper is to discuss the degrees of freedom within
an object-based transcoder and demonstrate the flexibility that
it has in adapting the content. Two approaches are considered: a
dynamic programming approach and an approach that is based
on available meta-data. Simulations with these two approaches
provide insight regarding the bit allocation among objects and
illustrates the tradeoffs that can be made in adapting the content.
When certain meta-data about the content is available, we show
that bit allocation can be significantly improved, key objects can
be identified, and varying the temporal resolution of objects can
be considered.

Index Terms—Bit-rate reduction, MPEG-4, MPEG-7, quality of
service, transcoding hints, universal access, video objects.

I. INTRODUCTION

DURING the past decade, a number of video-coding
standards have been developed for communicating video

data. These standards include MPEG-1 for CD-ROM storage,
MPEG-2 for DVD and DTV applications and H.261/263 for
video conferencing. Newer video coding standards, such as
MPEG-4 allow arbitrary-shaped objects to be encoded and
decoded as separate video object planes (VOPs) [1]. At the
receiver, video objects are composed to form compound objects
or scenes.

In the context of video transmission, these compression
standards are needed to reduce the amount of bandwidth that
is required by the network. Since the delivery system must
accommodate various transmission and load constraints, it is
sometimes necessary to further convert the already compressed
bit stream before transmission [2], [3]. Depending on these
constraints, conventional transcoding techniques can be classi-
fied into three major categories: bit-rate conversion or scaling,
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resolution conversion, and syntax conversion. Bit-rate scaling
can accommodate deficiency in available bandwidth. Resolu-
tion conversion can also accommodate bandwidth limitations,
but is primarily used to account for known limitations in the
user device, such as processing power, display constraints,
or memory capability. To ensure adaptability across hybrid
networks, syntax conversion at the protocol layer is required.
Syntax conversions may also be considered at the compression
layer to ensure receiver compatibility. A recent paper by Shan-
ableh and Ghanbari [4] examine heterogeneous transcoding
(e.g., from MPEG-1 to H.263), which simultaneously considers
several of the specific conversions listed above. In this paper,
we focus on bit-rate scaling and look to exploit the object-level
access of MPEG-4 in new and interesting ways.

Until now, most research has focus on the delivery of frame-
based video, which has been encoded using such standards as
MPEG-1/2 and H.263. We build on this work by proposing a
framework that considers an adaptive means of transcoding each
of the objects in the scene based on available bandwidth and
complexity of each object. The scheme is adaptive in that var-
ious techniques can be employed to reduce the rate depending
on the ratio of incoming to outgoing rate, and since the goal is
to provide the best overall quality for objects of varying com-
plexity, the degradation of each object need not the same. In fact,
some objects may not even be transmitted.

Within this object-based framework, various transcoding
strategies can be employed. For instance, in a conservative
approach, all objects would be delivered with varying spatial
and temporal quality. However, in an aggressive approach and
under severe network conditions, the transcoder may consider
dropping less relevant objects from the scene. These distinct
approaches are two examples that will be used throughout the
paper to characterize the transcoder behavior. Not only do they
differ in the actions taken to satisfy constraints on the network
or user device, but they also differ in how quality is measured.
These points will be elaborated on later.

In this paper, techniques that support both conservative
and aggressive transcoding strategies within the object-based
framework are proposed. For the conservative strategy, the
main objective is to consider the various spatio-temporal
tradeoffs among all objects in a scene. To this end, a dynamic
programming approach that jointly considers the quantization
parameter (QP) selection for each object and frameskip is
presented. The bit reallocation among objects is a critical
process in the transcoder and is accomplished with the use of
modified rate-quantizer models that were originally used for
bit allocation in the encoder. The main difference is that the
transcoder extracts information directly from the compressed

1051–8215/01$10.00 © 2001 IEEE
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domain, such as the residual energy of DCT blocks, hence
certain parameters must be redefined.

To further enhance the quality that can be achieved with
the above method, and also consider a set of tools that would
support the aggressive transcoding strategy, we consider a new
transcoding method which is based on the emerging MPEG-7
standard, formally calledMultimedia Content Description
Interface [5]. It aims to standardize a set of descriptors and
description schemes that can be used to describe multimedia
content for a variety of applications, such as content navigation,
content management and fast search and retrieval. For video,
the descriptors are low-level features of the content, such as
color, texture and motion [6]. These low-level features can be
organized and referenced by higher-level description schemes.
The description schemes may refer to various levels of the
program, such as a segment or frame, and may also be used to
facilitate video summarization, specify user preferences, and
support the annotation of video segments. A more complete
specification of the various description schemes that have been
adopted by MPEG can be found in [7].

Besides using meta-data for search and browsing applica-
tions, it is also of interest to consider meta-data that would be
suitable to guide the operation of a transcoder. Such meta-data
is referred to as atranscoding hintwithin the MPEG-7 com-
munity. In [8], [],[], such hints were introduced within the con-
text of a Universal Multimedia Access (UMA) framework. The
specifics of this work and extensions of it have been investigated
by the MPEG committee, where a complete specification of the
transcoding hints that have been adopted by the standard can be
found in [7]. The specific extensions that we have proposed for
object-based transcoding are discussed in this paper [9].

The use of meta-data for transcoding applications is most ap-
plicable in nonreal-time scenarios, i.e., with stored content. For
instance, before the content is transmitted or needs to be con-
verted, the meta-data can be efficiently extracted. When a re-
quest for the content is presented, any external conditions, e.g.,
network conditions, can be assessed and the transcoding can be
appropriately executed. The advantage that one gains in using
meta-data is improved quality and reduced complexity. It should
be noted that this meta-data is not limited to descriptions related
to the complexity of the scene, e.g., in terms of motion or tex-
ture, but may also describe (directly or indirectly) its subjective
importance to the user. With this, algorithms have been devel-
oped to consider the distribution of available bit-rate to different
segments of the video sequence, and within those segments to
the different regions or objects in the scene. More generally, we
consider algorithms that are capable of adapting the quality of
the scene in various ways. Several transcoding hints are pro-
posed in this paper to meet a number of objectives. The first of
these objectives is to improve bit allocation among objects, the
second is to identify key objects in the scene, and the third is to
regulate the variable temporal resolution of objects in the scene.

The rest of this paper is organized as follows. In the next sec-
tion, the object-based transcoding framework is presented, in-
cluding a discussion of the two transcoding strategies mentioned
above. In Section III, a dynamic programming approach that
jointly considers the QP selection and frameskip is presented.
In Section IV, a set of transcoding hints are proposed and we

discuss how they can be used by the transcoder. In Section V,
we briefly discuss the architecture of an MPEG-4 transcoder. In
Section VI, simulation results are presented. Finally, the main
contributions of this work are summarized in Section VII.

II. OBJECT-BASED TRANSCODING FRAMEWORK AND

STRATEGIES

This section introduces the object-based transcoding frame-
work and discusses two transcoding strategies that will be con-
sidered in this paper—a conservative approach and an aggres-
sive approach.

A. Framework

Fig. 1 shows a block diagram of an adaptive transcoding
system. The input to the transcoder includes object-based
bit streams, where the bit streams have a total rate. The
outputs of the system are the same bit streams with a reduced
total rate . In a nonreal-time scenario, features
are extracted from the bit stream before being processed by
the transcoder. The features may include descriptors that can
be used by a search engine or other types of meta-data that
describe the characteristics of the content. The content and
associated meta-data are stored on the server until a request for
the content is made. In a real-time scenario, the content must
be transmitted right away, therefore any information extracted
from the bit stream is of a causal nature. In this way, the feature
extraction analysis is limited in that the meta-data produced is
instantaneous, i.e., it can only be associated with the current
content or content that has already been sent.

The transcoding control unit that we consider in this paper in-
cludes three types of analysis units: one responsible for the se-
lection of QPs, another to investigate temporal decisions such as
frameskip, and a final one for meta-data analysis. The details of
the meta-data analysis will become more clear later in the con-
text of specific transcoding hints, but we should mention that the
outcome of its analysis will impact decisions made on the QP
and frameskip. Also, the elements in the transcoding control unit
are not limited to the ones mentioned here. In fact, as reported
in [10], the control unit may include a resize analysis and shape
analysis to consider reductions in texture and shape resolution,
respectively. In any case, the control information that is passed
to each transcoder is relayed from this transcoding control unit
so that the bit stream manipulations can be executed. We should
note that in practice, there are not separate transcoding units for
each object. The figure is only illustrated in this way to convey
the general concept. It should be clear though that all of the new
degrees of freedom make the object-based transcoding frame-
work very unique and desirable for network applications.

As in the MPEG-2 and H.263 coding standards, MPEG-4 ex-
ploits the spatio-temporal redundancy of video using motion
compensation and DCT. As a result, the core of the object-based
transcoder is quite similar to MPEG-2 transcoders that have
been proposed earlier (see, for example, [2], [3]). The major dif-
ference is that shape information is now contained within the bit
stream, and with regard to texture coding, some new tools have
been adopted, such as dc and ac prediction for intra blocks. It
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Fig. 1. Adaptive transcoding system using meta-data.

is important to note that the transcoding of texture is indeed de-
pendent on the shape data. In other words, the shape data cannot
simply be parsed out and ignored; the syntax of a compliant bit
stream depends on the decoded shape data.

In principle though, and at this high-level, the proposed
framework is similar to the multiprogram transcoding frame-
work proposed by Sorialet al. [11]. The major difference is
that the input bit streams do not correspond to frame-based
video programs. Also, MPEG-2 does not permit dynamic frame
skipping; the GOP structure and reference frames are usually
fixed. However, it is possible to skip frames in MPEG-1/2 by
inserting dummy frames that do not use any bits for the motion
and texture data. In this way, all of the macroblocks in a frame
are skipped, where at least 1 bit per macroblock must be spent
[12].

The main point worth noting is that the objects themselves
need not be transcoded with equal quality. For example, the tex-
ture data of one object may be reduced, keeping its temporal
rate intact, while the temporal rate of another object be reduced,
keeping its texture information intact. Many other combinations
can also be considered, including dropping frames or objects. In
a news clip, for example, it would be possible to reduce the tem-
poral rate along with the texture bits for the background, while
keeping the information associated with a news reader intact.

B. Strategies

Within the object-based transcoding framework, we consider
two types of transcoding strategies. One that we refer to as con-
servative, and another which we refer to as aggressive. These
distinct strategies are useful in characterizing the behavior of
different transcoders and also in justifying the need for some of
the transcoding hints proposed later on.

Both strategies aim to maximize quality, but differ in the ac-
tions taken to do so, as well as the measures that indicate quality.

In the conservative approach, quality should be measured ob-
jectively, i.e., by traditional PSNR-like measures, whereas in
the aggressive approach, overall perceptual quality should be
considered. With traditional PSNR-like measures, there is lim-
itation in what can be measured. In other words, given a scene
with several objects, PSNR cannot indicate the relevance of each
object to a user; it can only measure bit-to-bit differences. To
measure the overall perceptual quality is difficult—it requires
relevance feedback by the user. The best that a transcoder can
do without this feedback is attempt to identify the key objects in
a scene through characteristics of the signal itself. Although this
is not always possible, since less relevant objects may display
relevant object characteristics, it may be possible for certain ap-
plications in which the nature of the content is known.

If we define the conservative approach to maximize PSNR
quality, this implies that all objects in the scene must be trans-
mitted. Of course, the objects will vary in spatial and temporal
quality, but the PSNR between the original and reconstructed
scene can be calculated. However, when varying the temporal
quality of multiple objects, a major subtlety exists, that is, it is
possible that different temporal rates for each object may pro-
duce undefined areas in the reconstructed scene. To illustrate,
consider two objects, VO1 at a rate of 10 Hz and VO2 at a rate
of 30 Hz. If the shape boundary of VO2 changes before the
next VO1 is received, such undefined areas will appear in the
composite image; we refer to this as a composition problem.
To overcome this problem, we propose a measure that indicates
the change in the shape boundaries over time, i.e., a shape hint.
Such a measure is needed to allow for variable temporal quality
of objects, but has some other uses as well, which are discussed
later.

If we define the aggressive approach to maximize per-
ceptual quality, this implies that all objects in the scene are
not necessarily transmitted, i.e., less relevant objects may be
dropped. When objects are dropped, traditional PSNR-like

Amazon/DivX 
Exhibit 1009 

Page 4

https://www.researchgate.net/publication/3807415_Joint_transcoding_of_multiple_MPEG_video_bitstreams?el=1_x_8&enrichId=rgreq-32e2e829-8afb-4512-b167-0e1f316adde3&enrichSource=Y292ZXJQYWdlOzMzMDgyNjU7QVM6OTg5NTEzODI0Mzc4OTZAMTQwMDYwMzI1Njc2NA==
https://www.researchgate.net/publication/3807415_Joint_transcoding_of_multiple_MPEG_video_bitstreams?el=1_x_8&enrichId=rgreq-32e2e829-8afb-4512-b167-0e1f316adde3&enrichSource=Y292ZXJQYWdlOzMzMDgyNjU7QVM6OTg5NTEzODI0Mzc4OTZAMTQwMDYwMzI1Njc2NA==


390 IEEE, TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY VOL. 11, NO. 3, MARCH 2001

measures cannot be used, since the contents contained in the
original and reconstructed scene have changed. To enable such
a transcoding strategy, it is essential that key objects in the
scene be identified. For this purpose, we will identify certain
transcoding hints that can be used and demonstrate their utility.

III. D YNAMIC PROGRAMMING APPROACH

In the previous section, the object-based transcoding frame-
work has been presented. We now provide the details of a dy-
namic programming based approach that jointly considers the
spatial and temporal quality of objects.

A. Texture Model for Rate Control

We begin our discussion with a brief overview of the texture
models used in the encoder for rate control [1], [13], [14]. Let

represent the texture bits spent for a video object (VO),de-
note the QP, ( , ) the first and second-order model parame-
ters and the encoding complexity, such as the mean absolute
difference. The relation betweenand is given by

(1)

Given the target amount of bits that a VO has been assigned and
the current value of , the value of is solved for based on the
current value of ( , ). After a VO has been encoded, the
actual number of bits that have been spent is known, and the
model parameters can be updated. This can be done by linear
regression using the results of the pastframes.

B. QP Selections in the Transcoder

The transcoding problem is different in that, the set of orig-
inal QPs, and the actual number of bits are already given. Also,
rather than computing the encoding complexityfrom the spa-
tial domain, we must define a new DCT-based complexity mea-
sure . This measure is defined as

(2)

where
ac coefficients of a block;
macroblock index in the set of coded blocks;
number of blocks in that set;
frequency-dependent weighting.

The proposed complexity measure indicates the energy of the
ac coefficients, where the contribution of high-frequency com-
ponents is lessened by the weighting function. This weighting
function can be chosen to mimic that of an MPEG quantization
matrix.

From the data transmitted in the bit stream, and the data from
past VOs, the model parameters can be computed and continu-
ally updated. Actually, we can update the model twice for every
transcoded VOP; once before transcoding using data in the bit
stream, then again after coding the texture with the new set of
QPs, . With this increased number of data points, we can ex-
pect the model parameters to be more robust and converge faster.

The main objective of our texture analysis is choosewhich
satisfy the rate constraint and minimize distortion. However, it
is important to note that optimality is conditioned on. There-
fore, we must take care in how the distortion is quantified. More
specifically, we must consider thedistortion increasewith re-
spect to the operating point defined by the incoming.

One way to compute is to utilize the same methodology
as used in the rate control problem. In this way, we would first
estimate a budget for all VOPs at a particular time instant, adjust
the target to account for the current level of the buffer, then dis-
tribute this sum of bits to each object. Given these object-based
target bit rates, the new set of QPs can be computed with our
texture model. The main problem with this approach is that we
rely on the distribution of bits to be robust. In general, the dis-
tribution is not robust and the ability to control the increase in
distortion is lost, since the new QPs have been computed inde-
pendent of the original ones.

To overcome this problem and attempt to solve forin some
way that is dependent on, we propose an algorithm based
on a dynamic programming. To maintain as close a quality as
possible to the original, it can be argued that the QPs of each
object should change as little as possible. Given this, we can
express the distortion increase as follows:

(3)

where denotes a VOP index in the set of VOPs, and
represents the visual significance or priority of object. This
significance may be a function of the objects relative size and
complexity, or may even reflect the semantic importance if it is
known. It is important to note that , therefore the
solution space is bounded by the incoming QP for each object

, and the maximum allowable QP , which is usually 31.
Given the above quantification for the increase in distortion,

we can solve our problem using dynamic programming. For-
mally, the problem can be stated as

s.t. (4)

This problem is solved by converting the constrained problem
into an unconstrained one, where the rate and distortion are
merged through a Lagrangian multiplier,. That is, we mini-
mize the cost given by . Since this cost is addi-
tive over all objects, it is possible to solve this problem using
dynamic programming. To do this, a 2-D lattice is formed as
shown in Fig. 2. The vertical axis represents the candidate QPs,

, while the horizontal axis denotes the object index. The
incoming set of QPs ( ) is highlighted with squares and the
valid solution space is the shaded area between these values and

. Each node is associated with a cost
. It is well known that the distortion with a quantizer

step size of is proportional to , therefore the following
approximation is used to quantify the increase in distortion:

. The rate for each node is esti-
mated by (1) using the modified DCT measure of encoding com-
plexity given in (2). This measure of DCT encoding complexity
is also used to indicate the visual significance of the VOP, i.e.,
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. Given this, the optimal solution can easily be found
for any . To determine the value of that satisfies the
constraint on the rate, the well-known bisection algorithm can
be used [15]. It is important to emphasize that the search space
being considered is much less than MPEG-2 transcoding algo-
rithms that attempt to find the best set of quantizers for every
macroblock. Here, we only consider object-based quantizers,
hence this approach is quite feasible.

C. Frameskip Analysis

Generally speaking, the purpose of skipping frames is to re-
duce the buffer occupancy level so that buffer overflow and ul-
timately the loss of packets is prevented. Another reason to skip
frames is to allow a tradeoff in spatial versus temporal quality.
In this way, fewer frames are coded, but they are coded with
higher quality. Consequently, if the buffer is not in danger of
overflowing, the decision to skip a frame should be incorporated
into the QP selection process.

Building from the proposed technique for QP selection,
which searches a valid solution space for a set of QPs, we can
achieve this spatial versus temporal tradeoff by constraining
the solution space. In this way, the quantizer constraint in (4)
would instead be given by

(5)

where indicates the maximum allowable change in the
new QP to satisfy this new constraints on the spatial quality.
When the constraint cannot be met, the transcoder will skip the
current set of VOPs, thereby regulating the overall spatio-tem-
poral quality.

As shown in Fig. 2, a valid path is one in which all elements of
fall in the constrained area. If one of these elements falls out-

side the area, the path is invalid in that it is not maintaining some
specified level of spatial quality, where the spatial quality is im-
plied by the distortion increase given in (3). It should be noted
that different criteria may be used to determine the for a
particular object. For instance, the change can be a function of
the objects complexity or simply a percentage of the incoming
QP.

In the case of choosing the maximum based on complexity,
the transcoder is would essentially limit those objects with
higher complexity to smaller QP, since their impact on spatial
quality would be most severe. On the other hand, limiting the
complexity based on the incoming QP would imply that the
transcoder would like to maintain a similar QP distribution as
compared to the originally encoded bit stream. Both approaches
seem valid, however more research is needed to determine the
best way to limit the QP for each object. Such tradeoffs in
spatial versus temporal quality have not received significant
attention in the literature; some studies have been conducted in
[16].

Of course, one of the advantages in dealing with object based
data is that the temporal quality of one object can be different
from another. In this way, bits can be saved by skipping the back-
ground object, for example. However, since objects are often
disjoint, reducing the temporal resolution of one object may
cause holes in the composed scene. This composition problem

Fig. 2. Illustration of QP search space.

is discussed in more detail in the next section. To solve this
problem, a shape hint that indicates the amount of change in the
shape boundary over time is proposed. However, the use of such
information has not been yet been considered in this framework,
but it is surely an interesting topic for further work. Until then,
we must impose the constraint that all VOPs have the same tem-
poral resolution.

IV. M ETA-DATA BASED APPROACH

In general, meta-data includes low-level features of the video
which describe color, motion, texture and shape, as well as high-
level features, which may include storyboard information or
the semantics of the various objects in a scene. Of course, not
all meta-data is useful for transcoding, but we identify several
forms of meta-data that can be used to guide the transcoder.
These forms of meta-data are referred to as transcoding hints
and are specified in the Committee Draft of the MPEG-7 stan-
dard [7]. It is the function of the meta-data analysis to map these
hints into the control parameters of the transcoder. The objec-
tives of the transcoding hints that we propose in the following
are to: 1) improve the bit allocation among objects; 2) identify
key objects in the scene; and 3) regulate the variable temporal
resolution of objects in the scene. These tasks will be made
possible through a difficulty hint, first proposed by Suzuki and
Kuhn in [17], and a shape change and motion intensity hint, first
proposed in [9].

The initial motivation of the difficulty hint was to assist the
transcoder in performing constant bit-rate (CBR) to variable
bit-rate (VBR) conversions. It would do so by providing the
transcoder with information related to the complexity of one
segment with respect to the complexity of all other segments
being considered. In [18], this specific application has been pre-
sented in detail; also, several additional motion-based hints have
been discussed, including a hint that specifies motion uncom-
pensability and a hint that specifies search range parameters. In
this paper, we examine the use of the difficulty hint for improved
bit allocation among multiple video objects. Since encoding dif-
ficulty is directly related to the distribution of bits among ob-
jects, such a hint is expected to yield better results.

Given only the encoding complexity, the task of identifying
key objects in the scene would be difficult to do in a reliable
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(a)

(b)

Fig. 3. Illustration of composition problem for encoding multiple objects at
different temporal rates. (a) Foreground and background both coded at 30 Hz,
no composition problem. (b) Foreground coded at 30 Hz, background coded at
15 Hz, composition problem is shown.

way. The reason is that objects which consume a large number
of bits, or even a large number of average bits per block, are
not necessarily interesting parts of the scene. To enhance the
reliability, we also consider the motion intensity of the objects
under consideration.

In the classic transcoding problem, the selection of control pa-
rameters implies that we should determine the spatio-temporal
tradeoffs that translate into higher PSNR for the scene. How-
ever, with object-based transcoding, we allow ourselves to de-
viate from this traditional notion of quality and begin to consider
perceptual quality. In contrast to traditional PSNR measures,
this type of measure is more subjective, where the subjective
measure is a metric of how well relevant information is being
conveyed. Subsequently, it is not only the goal of the meta-data
analysis to provide a means of improving the bit allocation, but
also to identify key objects in the scene for improved perceptual
quality.

A. QP Selection

As discussed in the dynamic programming approach, the
process of selecting QPs for each object relies on a model that

defines the rate-quantizer relationship. We again make use of
the model defined by n(1) and (2), where the difficulty hint is
used to compute the rate budget for each object.

The hint itself is a weight in the range , which in-
dicates the relative encoding complexity of each segment. A
segment may be defined as a single object or a group of the
same object over a specified interval of time. Defining the seg-
ment as a group of objects is advantageous to the transcoder in
that future encoding complexity can be accounted for. To com-
pute the weights for each object, the actual number of bits used
for encoding each object over the specified interval of time are
recorded. The weights are then obtained by normalizing the bits
used for each object with respect to the total bits used for all ob-
jects (over the specified interval of time). Moreover, given that

objects are being considered, the rate for theth object at time
is simply given by , where is a portion

of the total bit rate that has been allocated to the current set of
objects at time. Currently, is equally distributed across all
coding times. However, with the difficulty hint, unequal distri-
bution may provide a means to improve the temporal allocation
of bits. However, at this point, we are only interested in the spa-
tial allocation among objects.

It should be noted that the difficulty hint is computed based
on the actual number of bits spent during encoding. Although
the incoming bits to the transcoder may be sufficient, quantiza-
tion may hide the true encoding complexity. Therefore, when
possible, the difficulty hint should be computed from encoding
at fine QPs. The semantics of the MPEG-7 description scheme
do not make this mandatory, but it should be noted that results
may vary.

B. Key Object Identification

In recent years, key frame extraction has been a fundamental
tool for research on video summarization (see, for example,
[19]). The primary objective of summarization is to present the
user with a consolidated view of the content. The requirement
is simple: give the user a general idea of the contents that can be
viewed in a short amount of time. In this paper, we would like
to extend such concepts to the transcoder. Time constraints for
summarization can be likened to bandwidth constraints for the
transcoder. Given this, the transcoder should adapt its delivery
so that the content is reduced to the most relevant objects.

In this consolidation process, it is important that the
transcoder maintain as much information as possible. It can be
argued that poorly coded content conveys less information than
high-quality content. Consequently, there is a tradeoff in the
quality of the content versus the content that is delivered. This
is a new concept that does not exist in summarization since
summarization is mainly focused on high-quality frames only.

As one can now imagine, there is scope for a great amount of
work in this area centered around the tradeoff in delivered con-
tent versus the quality of the content, i.e., transmit more content
with lower quality or less content with higher quality. In this
tradeoff, the transcoder should consider many variations in the
spatial and temporal resolution of each object. Also, some mea-
sure would need to be devised to handle the decision-making
process. As a first step toward such a measure, a measure of “fi-
delity” has been introduced by those working on summarization
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[20]. It is expected that the transcoding framework would need
to extend such ideas to incorporate R-D considerations.

In this paper, we introduce a simplified perspective to justify
these broad concepts. Specifically, we consider a binary deci-
sion on each object, whether it is sent or not. To determine the
importance of each object, a measure based on the intensity of
motion activity and bit complexity is proposed

(6)

where is a constant to allow zero motion objects to be de-
cided based on the amount of bits, andis a normalizing factor
that accounts for object size. Larger values ofindicate objects
of greater significance. The intensity of motion activity is de-
fined by MPEG-7 as the standard deviation of motion vector
magnitudes [6], [21].

C. Variable Temporal Resolution

In this subsection, we illustrate the composition problem en-
countered in the encoding and transcoding of multiple video ob-
jects with different temporal resolutions. We then touch briefly
on measures that indicate the amount of change in the shape
boundary. Finally, we discuss the proposed shape hint. The uses
of this hint are reserved until the next section when simulation
results are discussed.

To motivate our reasons for considering a shape hint, the com-
position problem is discussed. The foreman sequence is shown
in Fig. 3. This sequence has two objects, a foreground and back-
ground. The left image shows the decoded and composited se-
quence for the case when both objects are encoded at 30 Hz.
The right image shows the decoded and composited sequence
for the case when the foreground is encoded at 30 Hz and the
background at 15 Hz.

When these two objects are encoded at the same temporal
resolution, there is no problem with object composition during
image reconstruction in the receiver, i.e., all pixels in the recon-
structed scene are defined. However, a problem occurs when the
objects are encoded at different temporal resolutions. When the
shape of the object has movement in the scene and these object
are being encoded at different rates, it causes undefined pixels
(or holes) in the reconstructed frames. These holes are due to
the movement of one object, without the updating of adjacent
or overlapping objects. The holes are uncovered areas of the
scene that cannot be associated with either object and for which
no pixels are defined. The holes disappear when the objects are
resynchronized, i.e., background and foreground are coded at
the same time instant.

We now shift our discussion to measures that defines the
shape change or distortion between the shape of an object
through time. This measure could serve as an input to control
the temporal resolution of objects.

Below, two shape-distortion measures that have been pro-
posed in [22] for key frame extraction are reviewed. The dis-
tortion is measured from one frame to the next; however, such
shape metrics can also relate to the scene at various other levels,
e.g., at the segment level over some defined period of time.

The first difference measure that is considered is the well-
known Hamming distance, which measures the number of dif-

ferent pixels between two shapes. As defined in [22], the Ham-
ming distance is given by

(7)

where and are corresponding segmenta-
tion planes at different time instances. The second shape dif-
ference measure is the Hausdorff distance, which is defined as
the maxmin function between two sets of pixel

(8)

where and are pixels of the sets and of two video objects
respectively, and is the Euclidean distance between these
points. The above metric indicates the maximum distance of the
pixels in set to the nearest pixel in set. Because this metric
is not symmetric, i.e., may not be equal to , a
more general definition is given by

(9)

It should be noted that the above measures are taken between
corresponding shapes at different time instants. For a fixed
amount of time, small differences indicate that greater vari-
ations in the temporal resolution for each object could be
used, whereas larger differences indicate smaller variations.
If the duration of time is made larger and the differences
remain small, then this indicates a potential for savings through
variations in the temporal quality.

To derive the proposed shape hint from the distortion mea-
sure described above, these measures must be normalized in the
range . For the Hamming distance, we may normalize the
distortion by the number of pixels in the object. A value of zero
would indicate no change, while a value of one would indicate
that the object is moving very fast. If the Hausdorff distance is
used, we may normalize with respect to the maximum width
or height of the object’s bounding box or of the frame. Due to
the nonsymmetric nature of the Hausdorff distance, it may also
be useful in to distinguish differences between a growing shape
boundary and a reducing shape boundary, i.e., a shape boundary
may grow as the result of a zoom in and reduce as the result
of a zoom out. With regard to the composition problem, shape
boundaries that grow may be treated differently than those that
reduce.

We should note that these difference measures are most ac-
curate when computed in the pixel-domain, however, as in [22],
approximated data from the compressed-domain can also be
used. The pixel-domain data are readily available in the en-
coder, but for the transcoder, it may not be computationally fea-
sible (or of interest) to decode the shape data. Rather, the mac-
roblock coding modes (e.g., transparent, opaque, border) could
be used. In this case, a macroblock-level shape boundary could
be formed and the distortion between shape can be computed.

In summary, there are many possibilities for using the pro-
posed shape hint. Among the uses are:

1) the transcoder can determine time instances when it is
feasible to vary the temporal resolution among objects
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Fig. 4. Architecture to transcode an MPEG-4 object.

to avoid composition problems, i.e., when all shape hints
show low movement;

2) the shape hint can assist in computing the temporal rate
for individual objects, i.e., large difference between a 30-
and 10-Hz shape hint could indicate limitations in tem-
poral rate reduction.

3) Better bit allocation, since the transcoder is taking full
advantage of spatio-temporal redundancy, i.e., coding ob-
jects at lower temporal resolution, gives more bits to other
objects.

V. TRANSCODERARCHITECTURE

The purpose of this section is to relate the conceptual object-
based transcoding system of Fig. 1 with an MPEG-4 transcoding
architecture that more closely resembles the flow of data and
control information. This architecture is shown in Fig. 4 and
resembles an open-loop scheme, which is used in the simula-
tions. It is straightforward to extend this open-loop scheme to a
closed one, where the drift in simulations would be significantly
decreased.

As with previous transcoding architectures, the syntax of the
standard dictates the architecture. One high-level difference is
that the bit streams for each object are independent of other bit
streams. As a result, each object is associated with a video ob-
ject layer (VOL) and VOP header. The VOP header contains the
quantization parameter (QP) that the object was encoded with.
The QP for each object is later used in the modeling and analysis
of the texture information. All other bits are stored until the bit
stream is recomposed. During the bit stream recomposition, in-
formation about the temporal rate is received. If a VOP should
be skipped or the temporal rate is changed, bits related to the
skipped VOP will not be part of the outgoing bit stream. Addi-
tionally, fields in the VOL/VOP header that convey information
about the timing and referencing may also need to change.

The most significant difference from other standards is that
MPEG-4 is capable of coding the shape of an object. From the
VOP layer, we find out whether the VOP contains shape infor-
mation (binary) or not (rectangular). If it is a rectangular VOP,

(a)

(b)

Fig. 5. PSNR comparing reference and transcoded frames using dynamic
programming (DP) approach and meta-data based approach with difficulty
hints. (a) News, 256 kbits/s! 128 kbits/s, 10 fps,N = 300,M = 1. (b)
Coastguard, 512! 384 kbits/s, 10 fps,N = 20,M = 1.

Fig. 6. PSNR comparing SVO and MVO references versus MVO transcoded
results for one object in Coastguard. Transcoded results are obtained with the
DP approach.

then the object is simply a rectangular frame and there is no
need to parse shape bits. In the case of binary shape, we need to
determine if the macroblock is transparent or not. Transparent
blocks are within the bounding box of the object, but are outside
the object boundary, so there is no motion or texture informa-
tion associated with it.

The remainder of the MPEG-4 syntax is somewhat similar to
that of MPEG-2 with a few exceptions. At the MB layer, there
exist bits that contain the coded block pattern (CBP). The CBP
is used to signal to the decoder which blocks of a macroblock
contain at least one ac coefficient. Not only does it affect the
structure of the bit stream, but it also has an impact on intra ac/dc
prediction. The reason that the transcoder must be concerned
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Fig. 7. Illustration of adaptable transcoding of News sequence with key object identification, 384! 128 kbits/s. The motion intensity and difficulty hints are
used to order the importance of each object and the difficulty hint alone is used for bit allocation. Fewer objects can be delivered with noticeable higher quality.

with this parameter is because the CBP will change accordingly
with the requantization of DCT blocks. For this reason, we must
recompute the CBP.

VI. SIMULATION RESULTS

The results presented in this section demonstrate the various
ways that object-based bit streams can be transcoded. First,
we provide experimental results for the bit allocation among
objects. Next, we show results using key object identification.
Then, we discuss the potential use of shape hints for a variety
of test sequences. Finally, experimental results that overcome
the composition problem and yield gains in coding efficiency
are shown.

A. Bit Allocation Among Objects

To study bit allocation in the transcoder, several results are
simulated with the Coastguard and News sequences. Both se-
quences are CIF resolution ( ), contain four objects
each, and are 300 frames long. For all simulations, the original
bit stream is encoded at a rate of . The rate-control algorithm
used for encoding is the one reported in [14] and implemented
in [23]. To achieve the reduced rate of , three methods
are compared. The first method is a brute-force approach that
simply decodes the original multiple video object (MVO) bit
streams and re-encodes the decoded sequence at the outgoing
rate. Recall that this method of transcoding is complex due to
the added CPU to perform motion estimation and added frame

memory, but it serves as our reference. The next two methods
have similar complexity (much lower than the reference) and
make use of the same architecture. Actually, they only differ
in the algorithm used to select the QP for each object, so the
comparison is very fair. One method simulates the dynamic pro-
gramming approach presented in Section III-B, while the other
method simulates the meta-data based approach that uses diffi-
culty hints, as presented in Section IV-A.

A plot of the PSNR curves comparing the reference method
and two transcoding methods is shown in Fig. 5. The Coast-
guard sequence is simulated with 512 kbits/s, 384
kbits/s, a frame rate of 10 fps, and GOP parameters
and . Similarly, the News sequences was simulated with

256 kbits/s, 128 kbits/s, a frame rate of 10 fpss,
and GOP parameters and . It is quite evident
from the plots that the transcoding method that using difficulty
hints is always better than the DP-based approach. This is ex-
pected since the difficulty hint can provide information about
the scene that is not easy (if not impossible) to obtain. For one,
the difficulty hint is computed based on the bit usage (com-
plexity) that is obtained from a fine quantizer, e.g., .
Also, the difficulty hint reflects the bit usage of future frames.
In our experiments, the difficulty hint was computed regularly
over a period of five frames. We tested the algorithm with dif-
ferent values, e.g., 30 frames or two frames, but the results did
not seem to change much. Better results could be expected if the
difficulty hint were computed on an irregular basis, where the
interval boundaries would be determined in such a way that the
difficulty is more consistent over the segment. With more con-
sistency, the hint would not smooth out highs and lows in the bit
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Fig. 8. Illustration of adaptable transcoding of Foreman sequence with key object identification, 256! 192 kbits/s. The motion intensity and difficulty hints are
used to order the importance of each object and the difficulty hint alone is used for bit allocation. Fewer objects can be delivered with noticeable higher quality.

usage, resulting in a more accurate description of difficulty for
each segment of the program.

From the plots in Fig. 5, a number of other things are worth
discussing. First, for the Coastguard sequence, the transcoded
results using the difficulty hint provide a very close match to
the reference method. In fact, for many frames it is even slightly
better. This indicates that with the use of noncausal informa-
tion, it is possible to overcome some of the major drawbacks
that conventional low-complexity open-loop transcoders suffer
from: mainly drift. Speaking of drift, it is clear from both se-
quences that it is significantly reduced in comparison to the
DP-based approach. The News simulation shows an extreme
coding situation in which only 1 I-VOP is used at the begin-
ning of each coded sequence. In this case, the drift can clearly
be seen. As reported in earlier works [2], [3], using a closed-loop
transcoding architecture could also minimize the effects of drift.
In [24], an additional study regarding the cause of drift is pre-
sented. Any of these architectures and techniques could be ap-
plied here to achieve further gains. We present our results on the
simple open-loop system so that gains are easily seen and in-
sight regarding the bit allocation among objects is not clouded
by other factors. Overall, the DP-based approach, does demon-
strate comparable results to the reference method with a signif-
icant reduction in complexity. Furthermore, when the difficulty
hint is available, further gains over the DP-based approach can
be achieved.

As an additional test, we would like to compare object-based
transcoding to frame-based transcoding. To do so, we consider

a single video object (SVO) simulation of the Coastguard se-
quence. The SVO reference, i.e., decoded and re-encoded, is
compared to the MVO simulations described above, with all
simulation parameters equal. However, rather than plotting the
PSNR over the entire frame, we only consider the PSNR for the
primary object in the scene—the large boat. Both the alpha plane
for this large boat and the PSNR plots are shown in Fig. 6. It can
be seen from these plots that the PSNR of the object as it first
enters the scene is dramatically increased with the MVO sim-
ulations, and on average better than the SVO result. The MVO
transcoded result that is plotted in this figure obtained with the
DP-based approach. The main points that these results support
are: 1) that it is possible (even with the DP-based approach) to
improve the quality in more relevant parts of the scene and 2) the
quality of MVO simulations can outperform SVO simulations.
Of course, only one case is illustrated here, but these results en-
courage further study of this topic.

B. Results with Key Object Identification

To demonstrate how key object identification can be used to
adapt content delivery and balance quality, the News sequence
is considered at CIF resolution, 10 fps. The News sequence
contains four objects of varying complexity and of distinctly
varying interest to the user. The sequence was originally en-
coded at 384 kbits/s, then transcoded down to 128 kbits/s.

Fig. 7 illustrates several transcoded versions of frame 46 from
the News sequence. The versions differ in the number of ob-
jects that are actually transmitted. In the left-most version, all
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Fig. 9. Shape hints for Akiyo.

objects are transmitted with relatively low quality, whereas in
the right-most version, only one object is transmitted with rel-
atively high quality. The center image lies somewhere between
the other two, in that only the background is not sent. It can
be considered a balance between the two in terms of quality
and content. For all versions, the objects are identified using
the computed measure of importance based on motion and dif-
ficulty hints, while the bit allocation for objects under consider-
ation were done using the difficulty hint only.

Similar results are also obtained for the Foreman sequence,
as shown in Fig. 8. The sequence was originally coded at a rate
of 256 kbits/s and transcoded down to 192 kbits/s. Here, since
there are only two objects, the choice is much simpler. Again,
based on the motion intensity and difficulty hints, the relevant
object is identified. It should be observed from the figure that
the increase in quality is quite clear, as all the additional bits are
used for the foreground.

Of course, this method of identifying key objects will not be
suitable for all scenes, especially ones in which the nature of the
content is not known and meaningful segmentation is difficult
to achieve. However, for certain scenes that can be segmented
with some confidence, possibly using some a priori information
about the contents of the scene, this added flexibility of dropping
objects from the scene can be very useful to improve the quality
of delivered content. A new optimization problem can also be
considered.Thisoptimizationcanbeviewedasanextensionofthe
bit allocation problem over objects, where the objects must
beselectedfromatotalof objects.Choosingthebestsetof

objects is theaddeddimension.However, thiscouldbedifficult
to formulate since there is a subjective element to choosing/ex-
cludingobjects.Also,bit-to-bitdifferenceswiththeoriginalscene
aremeaninglessintheabsenceofoneormoreobjects.

Fig. 10. Shape hints for Dancer.

Fig. 11. Shape hints for Foreman.

C. Discussion of Shape Hints

The shape hints are extracted for each object in a number
of sequences. For each of the sequences, we interpret how the
shape hint could be used by a transcoder. In many cases, the final
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Fig. 12. Shape hints for Children.

outcome and transcoder decision is based on the motion or diffi-
culty of the objects as well. The plots of the shape hint are given
for every frame and across a number of frame-rates. However, in
practice and according to the current draft of the MPEG-7 stan-
dard, the shape hint will only be specified for one frame-rate,
which is equal to the frame-rate of the content to be encoded or
transcoded. Also, the shape hint can be specified over a period
of time, where the average of the shape hints at each time may be
used. Finally, it should be noted that the differences in the shape
hints between different frame rates are for illustrative purposes
only to demonstrate that the shape hints yield fairly consistent
results independent of the input frame rate. However, further ex-
amination may show that the differences in shape hints across
frame rates could be a useful metric to decide on the reduced
temporal rates for each object.

1) Shape Hints for Akiyo (Fig. 9):The shape hints for this
sequence indicate very low movement of objects. This
would be a very good candidate for variable temporal
reduction. Depending on the motion and/or difficulty, a
transcoder may reduce the resolution of either object.

2) Shape Hints for Dancer (Fig. 10):The shape hint for the
background indicates no change (it is a full rectangular
frame), while the foreground object is experiencing large
movement in shape. Is it possible to have variable resolu-
tions with this scene, since the full background is coded
and it will never cause holes, but it is probably not a good
idea since the shape movement of the foreground indi-
cates very large movement.

3) Shape Hint for Foreman (Fig. 11):The movement of the
background and foreground agree with each other and
show large movement for the first 200 frames. After that,
the shape hint indicates that the foreground no longer ex-
ists and the background eventually fills the entire frame.

4) Shape Hint for Children (Fig. 12):As with the Dancer
sequence, the background is taking up the entire rectan-
gular frame and is unchanging. From the shape hint of
the logo, we see that it has extremely fast movement (or
is not in the scene), then sits still for a while, then moves
very quickly again and sits still until the end. This is a very
good example where the shape hint can be used to identify
key frames to code or identify localized segments where
the temporal resolution can be dramatically reduced. The
final object, the children playing with the ball, has very
large movements throughout, as indicated by the its shape
hints.

5) Shape Hints for News (Fig. 13):Overall, the shape hints
for this sequence indicate very low movement. There is
one place where one of the newsreaders nods her head;
this is picked up between frames 75 and 100. But, for the
most part, variable temporal resolution can be tolerated
for this sequence. In fact, the logo object does not move
at all and can be coded once at the very start, without
interfering with other objects.

D. Results with Varying Temporal Resolution

Given that the shape hint will identify scenes (or segments)
that can take advantage of variable temporal resolution, we pro-
vide results to demonstrate the gain. In the previous subsection,
the Akiyo sequence has been identified as a scene that can be en-
coded or transcoded with variable temporal resolution, without
creating disturbing artifacts due to composition. To examine this
further, we generate the R-D curves for two cases. The first case
is our reference and simply encodes both foreground and back-
ground objects at 30 Hz with a constant QP. This is referred to
as the fixed case. As a comparison, we maintain the temporal
resolution of the foreground at 30 Hz, but reduce the temporal
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Fig. 13. Shape hints for News.

resolution of the background to 7.5 Hz. This case is referred to
as the variable case.

A comparison of the fixed and variable R-D curves is shown
in Fig. 14. The set of QPs that were used to generate the curves
were 9, 15, 21, and 27. The finest QP was 9 since reducing
the temporal resolution for high bandwidth simulations is not
of much interest. It should be emphasized that the PSNR for
all simulations are computed with respect to the original 30-Hz
sequence. The curves in this figure show that a 25% reduc-
tion in bit rate can be achieved by reducing the resolution of
the background only, with no loss of quality. As indicated by
the shape hints for this sequence, the movement among shape
boundaries is very small. Consequently, any holes in the re-
constructed image are negligible and do not impact the PSNR
values.

Due to limitations in space, it is not feasible to test the various
ways that the content can be encoded and transcoded with vari-
able temporal resolution. However, we should mention that the
indication of the shape hint to allow variable temporal resolution
without holes may not always provide a benefit. For example,
the background of the Children sequence does not contain any
motion and is a full rectangular frame, so the border of other
objects does not affect it. In this case, you can send this back-
ground once in the beginning; however, the encoder would not
spend many bits on the updates anyway, i.e., it would only use
1-bit per macroblock to signal that a block is skipped. As a gen-
eral rule, gains will be possible if there is sufficient information
that is being coded, but does not need to be. We do however ex-
pect gains in other sequences besides Akiyo, such as News and
others like it.

Fig. 14. R-D curves comparing Akiyo sequence coded for fixed and variable
temporal resolution. With fixed temporal resolution, both foreground and
background are coded at 30 Hz. With variable temporal resolution the
foreground is still coded at 30 Hz, but the background is coded at 7.5 Hz.

The gains discussed above use traditional PSNR measures as
a major part of the evaluation. Such measures are suitable to test
the gains in variable temporal resolution when the movement of
the object is low. The reason is that comparisons are made with
respect to the original sequence, and so losses between a 30-Hz
reference and a 7.5-Hz object rendered at 30 Hz remain small.
However, for faster moving objects, PSNR is not a suitable mea-
sure to quantify the differences between the same object coded
at different temporal resolutions. The bit-to-bit differences will
seem large, while the perceptual loss may only be noticeable
to a very trained eye. For this reason, measures to evaluate the
quality of objects at different temporal resolutions are needed.
With such measures, the gains in varying the temporal resolu-
tion of objects will become more evident.
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VII. CONCLUSIONS ANDFUTURE WORK

This paper introduced a new object-based transcoding
framework. Within this framework, two distinct transcoding
strategies were introduced: a conservative and an aggres-
sive strategy. Transcoding techniques that support these two
strategies were proposed and the flexibility of object-based
transcoding for adaptable delivery of content has been shown.

The first approach presented was a dynamic programming
based approach that selected the QP for each object based on an
estimate of the distortion increase and rate budget. In the context
of this approach, the similarities and differences between object-
based encoding and transcoding were discussed. We focused
specifically on the texture model used and different information
that is available to each. Since the transcoder only has access
to partially decoded information, a new DCT-based complexity
measure was defined to model the texture. To consider spatial
versus temporal tradeoffs, we discussed how the search space
could be constrained.

The second approach that we discussed is an approach that
is based on the availability of meta-data. We identified several
transcoding hints that could be used for different purposes. The
difficulty hint was shown to be useful for the allocation of bits
among the multiple objects in the scene. Then, using difficulty
and motion, it was shown that key objects could be identified
and coding gains for the most relevant objects can be achieved.
Finally, with the shape hint, we discussed several ways to use the
shape hint for adaptive content delivery, then gave an example
of the gains that can be achieved.

As far as future work goes, we feel that there are still many
open issues within the object-based framework. Certainly, we
have not fully exploited all of the degrees of freedom that are
possible, but we hope to at least raise some of the issues here
and encourage future work in this area.

One area for great potential is to incorporate the ability to re-
size objects. For mobile appliances with limited display size,
this will surely be a necessary technique and combining this
with some of the approaches presented in this paper would also
be of great interest. However, even for appliances with suffi-
cient display size, it is still of interest to resize objects before
transmission, then reconstruct the original resolution on the re-
ceiver side. In the past, this has been difficult to do, since the
transcoder should conform to a standard coding scheme. By re-
ducing the resolution, e.g., from CIF to QCIF, one would expe-
rience problems with the resampling of motion vectors and re-
gaining MB structure, among other things. However, with the
adoption of the Dynamic Resolution Conversion (DRC) tool
into Version 2 of the MPEG-4 standard [25], it becomes pos-
sible to further exploit gains that would result in down-sizing
a background object, for example. The tradeoffs between QP
selection, temporal rate, and object resizing would require fur-
ther investigation. Most likely, a multiresolution texture model
would be needed to estimate impacts on the rate and distortion.

Another avenue of future work is to identify other transcoding
hints that improve the bit allocation or provide a new set of
transcoding functionality. However, even with the existing hints,
there is still scope to optimize the use of them. For example,
it would be interesting to examine if irregular partitions, or in-

tervals of time, for computing and applying the difficulty hint
would lead to improved results. Also, we feel that the potential
to encode and transcode with variable temporal resolution has
not yet been fully exploited.

Finally, a very challenging problem is to extend the mea-
sure of fidelity that has been defined by those working on sum-
marization to include R-D considerations. This is most appli-
cable to transcoders that operate with an aggressive transcoding
strategy. Given such a measure, a robust control mechanism
can be designed to account for the wide range of transcoding
options. Such a measure is consistent with the content-aware
framework proposed by Chang and Bocheck [26]. In this frame-
work, features of the objects are used to generate utility func-
tions and classify objects into utility classes. Given these func-
tions and classes, various scaling operations can be applied to
the content according to current network behavior. Being able to
make such predictions allow us to eventually improve upon the
problem of dynamic resource allocation, which has been studied
in [27] within the context of an end-to-end solution.
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