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ABSTRACT

The deployment of IP Multicast has fostered the develop-
ment of a suite of applications, collectively known as the
MBone tools, forreal-time multimedia conferencing over ilte
Internet. Two of these tools — nv from Xerox PARC and ivs
from INRIA — provide video transmission using software-
based codecs. We describe a new video tool, vic, that ex-
tends the groundbreaking work of nv and ivs with a more
flexible system architecture. This flexibility is characterized
by network layer independence, support for hardware-based
codecs, a conference coordination model, an extensible user
interface, and support for diverse compression algorithms.
We also propose a novel compression scheme cafled “Intra-
H.261”. Created as a hybrid of the nv and ivs codecs, Intra-
H.261 provides a factor of 2-3 improvement in compression
gain over the nv encoder (6 dB of PSNR) as well as a sub-
stantial improvement in run-time performance over the ivs
H.261 coder.

KEYWORDS

Conferencing protocols; digital video; image and video com-
pression and processing; multicasting; networking and com-
munication,

1 INTRODUCTION

Over the past few years, a collaborative effort in the network
research community has produced a suite of tools for mul-
timedia conferencing over the Internet [16, 25, 26, 39, 42].
The driving force behind these tools is Deering’s IP Multi-
cast [11], a technology which extends the traditional TP rout-
ing model for efficient multipoint packet delivery. The in-
cremental deployment of TP Multicast has been realized by
building a (temporary) virtual multicast network on top of
the existing Internet, which Casner has dubbed the Multicast
Backbone, or MBone [6].
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The first applications to provide video over the MBone
were the Xerox PARC Network Video tool, nv, and the
INRIA Video Conferencing System, ivs. While these two
systems share the goal of supporting low bit-rate multicast
video over the Internet, their approaches are markedly dif-
ferent. Ivs is an integrated audio/video conferencing sys-
temn that relies exclusively on H.261 [45] for video compres-
sion. By adopting a standardized algorithm, ivs can inter-
operate with a large installed base of H.320 video codecs as
an H.320-compliant bit stream is easily generated from an
H.261 packet stream by introducing H.221 framing in soft-
ware [20].

In contrast, nv is a “video-only” application that utilizes
a custom coding scheme tailored specifically for the Internet
and targeted for efficient software implementation [17]. Be-
cause of its low computational complexity, the nv codec can
run much faster than an H.261 codec. Even though H.261
has better compression performance than nv, nv is more of-
ten used by the MBone community because of its better run-
time performance.

Inevitably, in pioneering work such as nv and ivs, restric-
tions must be imposed on the design process to facilitate ex-
perimentation. For example, the ivs design assumes video
is represented as 4:1:1-decimated CCIR-601 YUV, while nv
assumes 4:2:2 decimation. Extending nv to support H.261
or ivs to support nv-style compression would require non-
trivial design changes. Also, since both systems are based
on software compression, their video capture models were
designed around uncompressed video. Extending either to
support hardware-based compression engines would be rel-
atively difficult.

In this paper, we describe a third model for a packet video
application, realized in the UCB/LBL video conferencing
tool, vie. Vic builds upon the lessons learned from ivs and nv
by focusing on flexibility. It is an extensible, object-oriented,
application framework that supports

« multiple network abstractions,

» hardware-based codecs,

¢ a conference coordination model,

¢ an extensible user interface, and

o diverse video compression algorithms.

Moreover, we have combined Frederick’s insights from the
nv codec with the compression advantages and standards
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compliance of H.261 in a novel scheme which we call /ntra-
H.261. Intra-H.261 gives significant gain in compression
performance compared to nv and substantial improvementin
both run-time performance and packet-loss tolerance' com-
pared to ivs.

Vic was originally conceived as an application to demon-
strate the Tenet real-time networking protocols [14] and to
simultaneously support the evolving “Lightweight Sessions™
architecture [24] in the MBone. It has since driven the evolu-
tion of the Real-time Transport Protocol (RTP) [40]. As RTP
evolved, we tracked and implemented protocol changes, and
fed back implementation experience to the design process.
Moreover, our experience implementing the RTP payload
specification for H.261 led to an improved scheme based
on macroblock-level fragmentation, which resulted in a re-
vised protocol [44]. Finally, the RTP payload specification
for JPEG [13] evolved from a vic implementation.

In the next section, we describe the design approach of the
MBone tools. We then discuss the essentials of the vic net-
work architecture. The network architecture shapes the soft-
ware architecture, which is discussed in the following sec-
tion. Finally, we discuss signal compression issues, deploy-
ment and implementation status.

2 COMPOSABLE TOOLS VS. TOOLKITS

A cornerstone of the Unix design philosophy was to avoid
supplying a separate application for every possible user task.
Instead, simple, one-function “filters” like grep and sort can
be easily and dynamically combined via a “pipe” operator to
perform arbitrarily compiex tasks. Similarly, we use modu-
lar, configurable applications, each specialized to support a
particular media, which can be easily composed via a Con-
ference Bus to support the variety of conferencing styles
needed to support effective human communication. This ap-
proach derives from the framework proposed by Ousterhout
in [33], where he claims that large systems are easily com-
posed from small tools that are glued together with a simple
communication primitive (e.g., the Tk send command). We
have simply replaced his send primitive with a well-defined
(and more restrictive) Conference Bus protocol. Restricting
the protocol prevents the evolution of sets of tools that rely
on the specifics of each other’s internal implementations. In
addition to vic, our conferencing applications include the Vi-
sual Audio Tool (vat) for audio [26], a whiteboard (wh) for
shared workspace and slide distribution [25, 15], and the Ses-
sion Directory (sd) for session creation and advertisement
(23].

This “composable tools”™ approach to networked multime-
dia contrasts with the more common “toolkit framework”
adopted by other multimedia systems [10, 31, 37, 38]. Toolk-
its provide basic building blocks in the form of a code ki-
brary with an application programming interface (API) to
that library providing high-leve! abstractions for manipulat-
ing multimedia data flows. Each distinct conferencing style
requires a different application but the applications are typ-
ically simple to write, consisting mostly of API calls with
style-dependent glue and control logic.

The toolkit approach emphasizes the programming model
and many elegant programming mechanisms have resulted
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from toolkit-related research. To simplify the programming
model, toolkits usually assume that communication is ap-
plication independent and offer a generic, least-common-
denominator network interface built using traditional trans-
port protocols.

In 1990 Clark and Tennenhouse [8] pointed out that multi-
media applications could be simplified and both application
and network performance enhanced if the network proto-
col reflected the application semantics. Their model, Appli-
cation Level Framing (ALF), is difficult to implement with
toolkits (where application semantics are deliberately “fac-
tored out”) but is the natural way to implement “composable
tools”. And ALF-based, media-specific tocls offer a simple
solution to multimedia’s biggest problem — high rate, high
volume, continuous media data streams. Since the tools are
directly involved in processing the multimedia data flows,
we can use ALF to tune all the performance-critical multime-
dia data paths within the application and across the network.

In addition 1o performance, flexibility is gained by com-
posing simple tools rather than using a monolithic appli-
cation built on top of some API. Since each tool deals di-
rectly with its media stream and sends only low-rate reports
like *X has started/stopped sending” on the Conference Bus,
the coordination agent necessary lo implement a particular
conferencing scenario can be written in a simple interpreted
language like Tcl [34]. This allows the most volatile part
of the conferencing problem, the piece that melds audio,
video, etc., into a coordinated unit that meets particular hu-
man needs and expectations, to be simple and easy to evolve,
It also ensures that the coordination agents are designed or-
thogonal to the media agents, enforcing a mechanism/policy
separation: media tools implement the mechanism by which
coordination tools impose the policy structure appropriate
for some particular conferencing scenario, €.g., open meet-
ing, moderated meeting, class, seminar, etc.

3 NETWORK ARCHITECTURE

While the freedom to explore the communications protocol
design space fosters innovation, it precludes interoperabil-
ity. Since the MBone was created to study multicast scal-
ing issues, intercperability is especially important. Multicast
use at an interesting scale requires that a large group of peo-
ple spread over a large geographic region have some reason
to send and receive data from the group. One good way to
achieve this is to develop interoperable applications that en-
courage widespread use.

3.1 RTP

To promote such interoperability, the Audio/Video Trans-
port Working group of the Internet Engineering Task Force
(IETF) has developed RTP as an application level protocol
for multimedia transport. The goal is to provide a very thin
transport layer without overly restricting the application de-
signer. The protocol specification itself states that “RTP is
intended to be malleable to provide the information required
by a particular application and will often be integrated into
the application processing rather than being implemented as
a separate layer.” In the ALF spirit, the semantics of sev-
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Figure 1: RTP and the Protocol Stack

eral of the fields in the RTP header are deferred to an “RTP
Profile” document, which defines the semantics according to
the given application. For example, the RTP header contains
a generic “marker” bit that in an audio packet indicates the
start of a talk spurt but in a video packet indicates the end of
a frame. The interpretation of fields can be further refined by
the “Payload Format Specification”. For example, an audio
payload might define the RTP timestamp as a audio sample
counter while the MPEG/RTP specification [22] defines it as
the “Presentation Time Stamp” from the MPEG system spec-
ification.

Because of its ALF-like model, RTP is a natural match to
the “composable tools” framework and serves as the foun-
dation for vic's network architecture. Since RTP is indepen-
dent of the underlying network technology, vic can simulta-
neously support multiple network protocols. Figure 1 illus-
trates how RTP fits into several protocol stacks. For IPand IP
Multicast, RTP is layered over UDP, while in the Tenet pro-
tocols, it runs over RMTP/RTIP [2]. Similarly, vic can run
directly over an ATM Adaptation Layer. In ali these cases,
RTP is realized in the application itself.

RTP is divided into two components: the data delivery
protocol, and the control protocol, RTCP. The data deliv-
ery protocol handles the actual media transport, while RTCP
manages control information like sender identification, re-
ceiver feedback, and cross-media synchronization. Different
media of the same conference-level session are distributed
on distinct RTP sessions.

Complete details of the RTP specification are provided in
[40]. We briefly mention one feature of the protocol relevant
to the rest of the paper. Because media are distributed on
independent RTP sessions (and because vic is implemented
independently of other multimedia applications), the proto-
col must provide a mechanism for identifying relationships
among media streams (e.g., for audiofvideo synchroniza-
tion). Media sources are identified by a 32-bit RTP “source
identifier” (SRCID), which is guaranteed to be unique only
within a single session. Thus, RTP defines a canonical-
name (CNAME) identifier that is globally unique across all
sessions. The CNAME is a variable-length, ASCII string
that can be algorithmically derived, e.g., from user and host
names. RTCP control packets advertise the mapping be-
tween a given source’s SRCID and variable-length CNAME.
Thus, a receiver can group distinct RTP sources via their
CNAME into a single, logical entity that represents a given
session participant.

In summary, RTP provides a solid, well-defined protocol
framework that promotes application interoperability, while
its ALF philosophy does not overly restrict the application
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design and, in particular, lends itself to efficient implemen-
tation.

4 SOFTWARE ARCHITECTURE

The principles of ALF drove more than the vic network ar-
chitecture; they also determined the overall software archi-
tecture. Our central goal was to achieve a flexible software
framework which could be easily modified to explore new
coding schemes, network models, compression hardware,
and conference control abstractions. By basing the design on
an objected-oriented ALF framework, we achieved this flex-
ibility without compromising the efficiency of the implemen-
tation.

ALF leads to a design where data sources and sinks within
the application are highly aware of how data must be repre-
sented for network transmission. For example, the software
H.261 encoder does not produce a bit stream that is in turn
packetized by an RTP agent. Instead, the encoder builds the
packet stream fragmented at boundaries that are optimized
for the semantics of H.261. In this way, the compressed bit
stream can be made more robust o packet loss.

At the macroscopic level, the software architecture is
built upon an event-driven model with highly optimized data
paths glued together and controlled by a fiexible Tcl/Tk [34]
framework. A set of basic objects is implemented in C++ and
are coordinated via Tcl/Tk. Portions of the C++ object hi-
erarchy mirror a set of object-oriented Tcl commands. C++
base classes permit Tcl to manipulate objects and orches-
trate data paths using a uniform interface, while derived sub-
classes support specific instances of capture devices, display
types, decoder modules, etc. This division of low-overhead
control functionality implémented in Tcl and performance
critical data handling implemented in C++ allows for rapid
prototyping without sacrifice of performance. A very simi-
lar approach was independently developed in the VuSystem
[29].

4.1 Decode Path

Figure 2 roughly iilustrates the receive/decode path. The el-
liptical nodes correspond to C++ base classes in the imple-
mentation, while the rectangular nodes represent output de-
vices. A Tcl script is responsible for constructing the data
paths and performing out-of-band control that might result
from network events or local user interaction. Since Tel/Tk
also contains the user interface, it is easy to present control
functionality to the user as a single interface element that
might invoke several primitive control functions to imple-
ment its functionality.

The data flow through the receive path is indicated by the
solid arrows. When a packet arrives from the network, the
Network object dispatches it to the Demuxer which imple-
ments the bulk of the RTP processing. From there, the packet
is demultiplexed to the appropriate Source object, which rep-
resents a specific, active transmitter in the multicast session.
If no Source object exists for the incoming packet. an up-
call into Tcl is made to instantiate a new data path for that
source. Once the data path is established, packets flow from
the source object to a decoder object. Hardware and soft-
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