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Abstract

Current multimedia standards (in particular video
standards) are inexible and designed for spe-
ci�c applications, often without regard for het-
erogenous network environments like the Inter-
net. Application-level semantics about the con-
tent and context of video information should be
reected in how video is coded and transmitted.
Current standards are inexible because interpre-
tation and management of di�erent elements of the
video stream are implicit and intertwined. En-
coded video formats can be recast into a more
exible model by separating the generation, man-
agement, and transmission of di�erent video ele-
ments. A more exible coding framework will al-
low applications to better manage network trans-
mission of video stream elements in a manner that
reects application-level knowledge and require-
ments. Furthermore, the coding model can be
adapted to changing network conditions. This pa-
per speci�cally addresses how reference frame man-
agement in the MPEG standards can be recast into
a more exible coding model. By separating the
management of reference information from the cod-
ing of speci�c frames, we enable the standard to be
more e�ectively used when application-level knowl-
edge of the video content is present. A number of
interesting network strategies are enabled by the
proposed revised model.

1 Introduction

Current multimedia standards (in particular video
standards) are designed for speci�c applications
and network environments and as a result are
inexible. Assumptions about the networking
environment, computing capabilities of the re-
ceiver, and the type of video encoded are often
made for the sake of achieving greater compression

rates. Unfortunately, these video formats are sub-
sequently used in environments where the original
assumptions do not hold true (i.e, the Internet),
resulting in poor quality, ineÆcient network usage,
and/or severe degradation of application perfor-
mance in the face of packet loss and limited band-
width. A priori knowledge about the content of
the video stream can only be used in limited ways
because video standards are written to support the
most general possible video content.

While many e�orts have focused on designing
and implementing network protocols and mecha-
nisms to facilitate the transmission of streaming
packet video, there have been few e�orts aimed at
creating adaptive coding models that can be dy-
namically altered to react to changing network con-
ditions. In this paper, we propose changes to the
MPEG-2 coding model that enable a number of
new application-level networking strategies. These
new strategies hinge on the ability of applications
to exploit application-level knowledge of video con-
tent.

Application-level semantics about the content
and context of video information need to be re-
ected in how video is coded and transmitted. To
this end, video standards need to provide ways of
adapting the video format to better match the het-
erogenous needs of di�erent applications and vary-
ing network conditions. The cost of these adap-
tation mechanisms may be a loss of compression,
but this cost is recouped in the form of higher
e�ective network utilization (i.e., \goodput"), in-
creased video quality, and graceful degradation in
the face of packet loss and bandwidth limitations.
Furthermore, a priori knowledge about the content
of the video stream can be used to adapt the coding
model to actually improve compression. For exam-
ple, the encoding of a video source that is known
to be showing the interior of a particular room can
be tuned to reect the limited set of objects that



will appear in the video stream.

Current standards are inexible because inter-
pretation and management of di�erent elements
of the video stream are implicit and intertwined.
For example, MPEG-2 encoded video is generally
comprised of DCT coeÆcients and motion vec-
tors for one luminance plane and two chrominance
planes. The MPEG-2 syntax intertwines the vari-
able length codes for coeÆcients and motion vec-
tors in a way that makes it diÆcult for an appli-
cation to deal with these elements separately or
to deal with any of the three planes separately.
Furthermore, the use of temporal redundancy in
MPEG-2 is strictly constrained by the speci�cation
of three types of frame encodings (i.e., I-, P-, and
B-frames). Each frame type creates speci�c tem-
poral relationships with other frames. No mecha-
nism exists for these temporal relationships to be
rede�ned by the application for its own purposes.

Encoded video formats can be recast into a more
exible model by separating the di�erent video el-
ements and allowing application-level control for
how these di�erent video elements are related to
each other. Given this exible coding framework,
applications can manage the elements of a video
stream in a manner that reects application-level
knowledge and requirements. The encoded video
stream becomes a collection of di�erent encod-
ing elements which can be combined in multiple
ways to create a video stream encoding congru-
ent with the speci�c requirements of the applica-
tion at hand. A number of parallel research e�orts
are working toward this vision of \object-based"
video [6, 5].

The idea of an adaptable, exible video cod-
ing model dovetails with the networking concept
of Application Level Framing (ALF) [3] by allow-
ing an application to optimize its video coding
model in regard to its networking requirements and
changing network conditions. Although separat-
ing video encoding elements provides much needed
exibility, it also creates a number of networking
challenges. In particular, di�erent encoding el-
ements may have di�erent transport-level proto-
col requirements, especially in regard to reliability.
Using di�erent streams to transport encoding el-
ements, however, creates problems with synchro-
nization and naming across streams.

This paper describes preliminary work in
progress in which the MPEG-2 video coding model
is modi�ed to allow exible application-level con-
trol over how reference video data (i.e., video ad-
dressed by motion vectors) is de�ned and managed.

These modi�cations are an example of separating
coding elements and providing a means for inde-
pendently specifying how these elements relate to
each other. We believe that this strategy will be
employed with increasing frequency with the de-
velopment of MPEG-4 [5], H.263+ [11], and other
new multimedia standards. The goal of this work
is to expose and address the networking challenges
created by this strategy. The use of MPEG-2 is
motivated by the fact that it is a stable standard
and a wide variety of hardware and software tools
to handle the format exist today. In fact, the choice
of MPEG-2 for this work is somewhat arbitrary.
The proposed coding model described in this paper
completely separates reference video data manage-
ment from the syntax of the encoded video stream.
Thus, the ideas and challenges identi�ed in this pa-
per can be as easily applied to other video encod-
ing standards that exploit temporal redundancy in
video through the use of interframe encoding (e.g.,
H.263+). This paper serves to outline how we pro-
pose to approach the problem and raise the issues
we are trying to target.

The rest of this paper is organized as follows:
Section 2 describes the current MPEG-2 reference
video model; Section 3 describes several motivating
examples for why the current model is inadequate,
outlines a proposed revised model, and identi�es
networking challenges that are raised by the re-
vised model; Section 4 describes related work; and
Section 5 summarizes the paper.

2 MPEG-2 Reference Video

Model

This section reviews the management of reference
video information in the current MPEG-2 stan-
dard. The term \reference video" is used to refer to
the video frame bu�ers addressed by motion vec-
tors during motion compensation in the MPEG-2
encoding/decoding process. These frame bu�ers
are also commonly known as the \forward" and
\backward" reference frames. We begin by provid-
ing a high-level abstract description of the MPEG-
2 encoding and corresponding decoding models and
the role of reference video information in those
models.

Figure 1 shows a block diagram of the MPEG-
2 encoding and decoding processes. This diagram
is not complete, but it illustrates enough of the
coding process for our purposes. Incoming video
frames are segmented into 16 pixel by 16 pixel re-
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Figure 1: MPEG-2 Encoding and Decoding Models

gions called macroblocks. Possibly associated with
each macroblock are a set of motion vectors. Typ-
ically, up to two motion vectors are provided. The
motion vectors indicate regions within the forward
and backward reference frames which form a pre-
diction for the pixel values of the macroblock. How
these reference frames are speci�ed is described be-
low. The prediction is subtracted from the pixel
values of the macroblock and the resulting error
values are DCT encoded using the Discrete Co-
sine Transform (DCT). If no motion vectors are
provided, then the macroblock is considered to be
\intracoded" and the original pixel values are used
for the DCT (i.e., no prediction is formed and sub-
tracted). The coeÆcients from the DCT are quan-
tized, run-length encoded, and along with the mo-
tion vectors encoded using variable-length entropy
encoding (i.e., Hu�man codes). The decoding pro-
cess is essentially the same in reverse.

Each encoded frame is set to be one of three
types: I, P, or B. I-frames are not dependent on
any other frame, P-frames are dependent on the
previous I- or P-frame, and B-frames are depen-
dent on the previous I- or P-frame as well as the
subsequent I- or P-frame. Figure 2 illustrates a
typical encoding pattern. Because B-frames may
depend on frames that actually occur after them
in display order, the frames are transmitted in
dependency order and reordered during the de-
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Figure 2: Relationship between I-, P-, and B-
frames.

coding process. Because I-frames must be free-
standing (i.e., not dependent on other frames), I-
frames use no motion compensation whatsoever.
In other words, all macroblocks of an I-frame are
intracoded. P-frames only use forward prediction
and therefore all motion vectors provided point
only into the forward reference frame. B-frames
use both forward and backward prediction. The
I-, P-, and B-frame designation directs how the
decoder manages the forward and backward refer-
ence frames. Upon encountering an I- or P-frame,
the decoder discards the current forward reference
frame and installs the current backward reference
frame as the new forward reference frame. After
decoding, the frame is installed as the new back-
ward reference frame. Decoding B-frames does not
a�ect the reference frames.

Reference frame management in the MPEG-2
standard is an example of how di�erent elements of
the video coding model are inexibly intertwined.
The speci�cation of what is installed as reference
frame information is tied to the encoding of the
frames themselves. The dependencies created be-
tween I-, P-, and B-frames are rigidly speci�ed.

3 Revised MPEG-2 Refer-

ence Video Model

This section describes a revised reference frame
management model that allows application-level
knowledge to be incorporated into how reference
frame data is handled. We motivate how a re-
vised reference model may be useful with examples,
outline our ideas for a new reference frame man-
agement model, and describe some of the network
challenges that we expect to address to support
the new model. The central feature of our revised
model is that reference frame management is made
separate and explicit from the encoding of speci�c
frames. Thus, in addition to the encoded frames,
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reference frame management \instructions" will be
sent to designate that a frame may be used as a
reference frame in the future and to install spe-
ci�c frames previously sent as either the forward
or backward reference frame.

3.1 Motivating Examples

By separating reference frame management from
other elements of the decoding model, we can in-
corporate application-level knowledge about the
video source and network environment. Minimiz-
ing the impact of packet loss is an example of
how an application can use this ability. In the
current MPEG reference model, the encoding of
an I-frame immediately installs it as a reference
frame for the immediately preceding B-frames as
the backward reference and the subsequent P- and
B-frames as the forward reference. Packet loss that
occurs while transmitting the I-frame to the re-
ceiver results in severe errors for all of the frames
that depend on it. Furthermore, since P-frames
create a dependency chain, these errors are propa-
gated until the next I-frame. Typically this means
that 15 frames will have severe errors in them.

If the coding model is changed to allow the ap-
plication to delay installation of a reference frame,
feedback from the receiver can be used to deter-
mine if a reference frame was successfully received
before it is used as a reference frame. Figure 3 il-
lustrates this scheme. In this example, frames F1
through F4 are intracoded (i.e., do not use motion

compensation). F1 is transmitted along with refer-
ence management commands that indicate that F1
may be used as a reference frame in the future and
should be acknowledged. After the acknowledge-
ment for F1 is received by the sender, F5 and F6
can be encoded with motion compensation using
F1 as a reference frame. F5 and F6 are transmitted
along with reference management commands that
instruct the receiver to install F1 as a reference
frame. In a similar fashion, after F4 has been ac-
knowledged, F8 and F9 can use both F1 and F4 as
reference frames. Periodically, new reference frame
candidates are transmitted (e.g., F4 and F7). This
scheme is more robust to packet loss because the
installation and use of reference frames is driven
by explicit acknowledgements from the receiver.

In our example, we disguise the fact that frames
are transmitted as a series of packets and not
just a single packet. By incorporating knowledge
about how frames are packetized, more sophisti-
cated strategies for dealing with packet loss can be
implemented. If only a single packet of an refer-
ence frame is lost, the application can proceed by
explicitly installing the reference frame and avoid-
ing the use of motion vectors that point into the
area of the frame represented by the lost packet.

The cost of using the scheme described above
is that the temporal distance between a reference
frame and frames that depend on the reference
frame is at least one round trip time. This tempo-
ral distance makes the reference frame less useful
because the content of the reference frame is no
longer as closely correlated to the content of the
dependent frames. This may be especially true in
the case of high motion. The advantage of the
revised model is that the application which has
knowledge of the kind of video being transmitted
can adjust its strategies accordingly. The original
reference frame management model can always be
implemented using the new model.

The scheme described above is essentially the
same as the Reference Picture Selection mode of
H.263+ [11]. This mode is also known as NEW-

PRED. An important distinction between our pro-
posed model and NEWPRED is that we are at-
tempting to decouple reference picture manage-
ment from the rest of the coding model completely.
NEWPRED relies on H.263-speci�c structure and
syntax for naming reference frames and does not al-
low for out-of-band speci�cation of reference data.
Our vision is to construct video codecs that are as-
sembled from distinctly speci�ed modules. In this
case, one that encodes picture data and one that



manages reference video data. This approach en-
ables the use of a wide variety of possible schemes
including the NEWPRED-like scheme described
above. Other examples of how a decoupled ref-
erence frame management scheme might be used
include:

� Calculating an \optimal" set of reference

frame data for video sources with well-known

content characteristics. An o�-line process
may be able to determine an optimal set of
reference frame data to be used for the encod-
ing of a particular video source. The refer-
ence data set may then be distributed prior
to streaming the video. The video can be
encoded assuming that the receiver has al-
ready obtained the necessary reference data.
This approach trades o� start-up latency (i.e.,
the time required to obtain the reference data
set) for better compression and robustness to
packet loss.

� Caching reference frame data across di�erent

communication sessions. If the video source
is part of a telepresence or distance learning
environment, reference data may be cached
across di�erent sessions because the same set
of participants are periodically receiving video
streams that have similar content from one
session to another.

� Using model-based techniques to create refer-

ence data sets that can be \layered" to accom-

modate parallax with camera movement. If the
application has knowledge of the 3-D geome-
try of the scene represented by the video, ref-
erence frames can be constructed from pieces
of reference data that are associated with a
particular depth and position. As the cam-
era moves, the reference data can be appro-
priately warped and layered to form good ref-
erence frames for the new camera position.

3.2 Revised Model

Figure 4 shows the proposed new reference frame
model. The coding model illustrated in Figure 1
is separated into two components. One compo-
nent represents the the MPEG-2 process for encod-
ing picture data (i.e., the existing MPEG-2 cod-
ing model). The second component embodies a
new process called the \Reference Manager." The
reference manager is responsible for implement-
ing any application-speci�c reference data manage-
ment schemes. We expect that di�erent applica-

tions will provide appropriate implementations of
the reference manager. On the encoding side, the
reference manager produces reference management
commands that indicate to the reference manager
on the decoding side on how reference frame data
is to be manipulated. The encoding reference man-
ager may also send out-of-band reference data.
The reference manager on the decoding side is
responsible for producing any required feedback
to indicate which pieces of reference frame infor-
mation were successfully received. The reference
frames within the MPEG-2 encoding process are
relabeled \R1" and \R2" instead of \forward" and
\backward" because their use is no longer neces-
sarily in-line with the original labels. Additional
memory available to the reference manager pro-
cesses is used as a cache for reference frame data
that may be speci�ed but not yet installed into
one of the reference frame bu�ers. This additional
memory is labeled \Reference Cache" in Figure 1.

One feature of the revised model is that the
syntax of MPEG-2 encoded frames remains in-
tact. The use of reference frame data by depen-
dent frames remains the same (i.e., syntax of mo-
tion vectors, number of reference frames available,
etc.). Breaking the standard as little as possible
is important to expedite the development of ex-
perimental applications that use the new revised
model. Because the management of the reference
frame bu�ers themselves is now under the control
of a new mechanism not speci�ed in the standard,
the new model is not backwards compatible with
existing MPEG-2 software and hardware. But, by
leaving much of the syntax of encoded frames in-
tact, existing software decoders can be more easily
modi�ed to support the new revised model.

3.3 Networking Challenges

In the description of the revised model we are work-
ing toward, we have purposefully avoided speci-
fying exactly how reference frame data and man-
agement commands are speci�ed and transported.
The challenges raised by the transport-level re-
quirements of these encoding elements are com-
plex. Good solutions will require careful exper-
imentation. Among the several challenges that
must be addressed are:

� The interface between the reference manage-

ment process and the coding process needs to be

de�ned. To realize our goal of completely sep-
arating the coding process from the manage-
ment of reference data, a standard interface
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between these two processes must be de�ned.
This interface must allow the coding process
to specify the amount and structure of ad-
dressable reference memory available and pro-
vide methods for installing and uninstalling
speci�c portions of that reference memory.

� A naming scheme for reference data needs to

be developed. Reference management com-
mands will need a method of de�ning portions
of encoded video frames that may be used as
reference data. Thus, frames and subregions
within frames need to be uniquely identi�ed.
The naming scheme must also support out-of-
band speci�cation of reference data (i.e., ref-
erence frame data that is not actually part of

the encoded video stream). Another desired
feature of the naming scheme is the ability
to create persistent names which can be used
across sessions. Using persistent names will al-
low applications to cache reference data from a
video source for use in the future. Finally, the
naming scheme needs to also be as compact
as possible to minimize the loss of compres-
sion su�ered by using the scheme.

� A reference management command set needs

to be de�ned. The set of operations avail-
able will determine in what ways applications
can leverage the ability to manage reference
data. A sparse set of reference management
commands will not provide enough exibility,
while a complicated command set will make
decoders slow and complex.

� Transport protocols for reference manage-

ment commands and data need to be de�ned.

The key challenge with transporting reference

management commands and data is the vari-
able \lifetime" associated with these elements.
Unlike video frames which have very short life-
times (i.e., typically 1/30th of a second for
B-frames and up to 1/2 second for P- and I-
frames), reference commands and data may
have very long lifetimes depending on how an
application uses them. The relative reliability
associated with these elements must be pro-
portional to these lifetimes.

� The use of network resources must be coor-

dinated among multiple streams In the re-
vised model a video stream is no longer a
single bitstream. Instead, two separate, but
associated, streams are created, one for en-

coded picture data and one for reference man-
agement commands and out-of-band reference
data. The transport-level network resources
used by these two streams (i.e., bandwidth,
etc.) must be coordinated.

� A feedback protocol needs to be developed.

Many of the strategies that are possible with

the revised model depend on feedback from
the decoder. The form of this feedback and
how it communicated back to the sender needs
to be de�ned. We intend that the feed-
back protocol be usable in both point-to-point
streaming applications as well as in multicast
applications in which receivers send feedback
probabilistically.

� Open-loop strategies that avoid explicit feed-

back need to be developed. In broadcast appli-
cations in which audience size is massive, feed-
back will be infeasible. Open-loop strategies
that still take advantage of explicit reference



frame management need to be developed for
these applications.

For many of these challenges, existing work can
be used as a starting point and adapted to these
issues. In particular, the current RTP payload
formats for MPEG-2 may be used. The Scalable
Naming and Announcement Protocol (SNAP) is
a possible framework for developing the required
naming scheme. The Congestion Manager frame-
work provides a framework for coordinating the use
of network resources among multiple streams [1].
We are most interested in exposing how existing
protocols fail to meet these needs.

4 Related Work

A variety of other research e�orts are also devel-
oping the idea of exible coding models that are
adapted to speci�c application needs. Most no-
tably, the work of Bove, et. al [6], has focused
on the concept of \object-based" video represen-
tations. In their work, video is described by a
language that combines di�erent coding elements.
Their work has concentrated on developing a video
description language and building hardware to im-
plement their coding model.

The H.263+ encoding standard [11] speci�es ex-
tension modes for alternative reference frame man-
agement. These modes include speci�cations for
back channel feedback messages. These extension
modes, however, are strictly tied to the H.263 syn-
tax and rely on H.263-speci�c coding structures.
Additionally, out-of-band reference video data is
not supported.

The concept of tuning transport-level network
protocols to account for application-level seman-
tics of the transmitted data was �rst clearly artic-
ulated by Clark and Tennenhouse as \Application
Level Framing" [3]. This concept was applied to
the communication of video information by Mc-
Canne with the development of Intra-H.261 [8, 7].
His work demonstrated the e�ectiveness of joint
source/channel coding in which the video cod-
ing model reects network-level knowledge about
packet loss rates and optimal packet sizes. The de-
velopment of the Real Time Protocol (RTP), the
associated Real Time Control Protocol (RTCP),
and speci�c payload for video formats within RTP
were heavily inuenced by ALF. We expect to im-
plement our communication protocol within the
RTP framework.

The Scalable Naming and Announcement Pro-
tocol (SNAP) provides an interesting possible ap-
proach to the naming issues identi�ed in our
work [10]. This protocol allows participants to
build source-based hierarchical namespaces. The
protocol builds on an underlying announce/listen
mechanism (i.e., SRM [4]) to communicate the
namespace to other participants in a scalable man-
ner.

The MPEG-4 standard [5] provides extensive
support for synchronizing and multiplexing di�er-
ent ows related to a single multimedia presenta-
tion. The system and synchronization layers of
MPEG-4 may prove useful as a framework for re-
lating the reference management and encoded pic-
ture data streams. However, transport-level issues
(e.g., bandwidth management, reliability, packeti-
zation, etc.) are not addressed.

Bolot, et. al, have explored the use of for-
ward error correction (FEC) to provide adaptive
relative reliability for the delivery of multimedia
data (in particular, audio) [2]. Podolsky, et. al,
are approaching the problem of relative reliability
by developing retransmission schemes within the
RTP framework speci�cally designed for multime-
dia data types [9].

Balakrishnan, et. al, are exploring the problem
of coordinating the use of network resources by
multiple ows [1]. Their work has concentrated
on coordinating the congestion management ac-
tions of separate instances of di�erent protocols.
The framework they have developed provides an
API to incorporate application-level preferences in
managing bandwidth among ows.

5 Summary

This paper outlined a proposed revision of the
MPEG-2 coding model to allow explicit application
control over reference frame management. Several
motivating examples were given to illustrate how
such control could be used to adapt video cod-
ing and transmission to the speci�c needs of an
application and incorporate application knowledge
about the content and context of the video stream.
Two key features that the proposed model will sup-
port is a exible naming scheme for referring to ref-
erence video frame data and a set of management
commands that can be used by applications to im-
plement di�erent management strategies. A vari-
ety of anticipated network challenges were identi-
�ed. One key challenge is the development of a
streaming protocol that transmits elements (i.e.,



reference management commands and data) with
reliability requirements relative to its expected life-
time and the lifetimes of other related elements.
Providing application-level control over refer-

ence frame management is an example of the di-
rection that emerging multimedia standards are
moving toward to accommodate heterogenous ap-
plication requirements and the dynamic network
environment of the Internet. The networking is-
sues identi�ed in this paper are likely to be faced
by these emerging standards. By exploring these
issues within a speci�c context, we hope to gain
insight on viable techniques that can be applied
more generally.
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