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Abstract

With multimedia transport, user entities reside in sub-
scriber terminals and communicate with one another over
a network by sending and receiving multiple data streams
as application level information (e.g., graphics, audio and
text in a catalogue browsing service). The evolving mul-
timedia applications gemerate requirements for complex
transport capabilities, i.e., functional features, in the end-
to-end communication system snch as handling of hetero-
geneity among communicating terminals, supporting finer
levels of user-specifiable quality of data transport service
and synchronization of various data streams for delivery at
users in real-time. Accordingly, the communication system
may be viewed as extending the basic capabilities provided
by the backbone network (e.g., bandwidth allocation) into
a set of transport capabilities suitable for complex applica-
tions. This paper presents an object-oriented view of user
interface to the communication system and an approach to
the design of underlying transport protocols. The object
orientation decomposes an application level data transport
into a set of network channel objects, with each channel
object handling a seperate data stream. The various ob-
jects interact using a ‘dataflow programming’ style, which
allows a high degree of communication level parallelism
and an elegant separation of data transport functionalities.
The object-oriented view allows easier interworking of a
multimedia communication system with existing networks
and easier integration multimedia transport into program-
ming environments.

Key words: Transport connection, quality of service
{QOS), object granularity, attribute-based object specifi-
cation, object inlerconnection, data & control transport
architecture.

1 Introduction

The delivery of digital subscriber services of diverse
characteristics and features {e.g., digital TV, video tele-
phony, remote visualization, computer information traps-
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fers) to subscriber terminals through high speed wide area
networks such as fiber optic networks and interconnected
LANs is a technological mission of this decade in com-
puting and communications. One of the functionalities
required of such a multi-service network is the support
for multimedia data transport, whereby user entities resid-
ing n terminals can communicate with one another over a
network by sending and receiving of multiple data streamns
as application level information {e.g., graphics, audio and
text in a catalogue browsing service). The fanction of the
end-to-end commnnication system is to collect the multi-
media data generated by source entities, move the data
through the network and deliver the data at destination
entities for consumption.

The multimedia data transport in the evolving appli-
cations imposes requirements for complex transport capa-
bilities, i.c., functional features in the end-to-end systems,
such as handling of heterogeneity among communicating
terminals, providing mechanisms to exercise finer levels
of user control on network resource allocations and syn-
chronization of various data streams for delivery at users
in real-time [1, 2]. Accordingly, the communication sys-
tem may be viewed as extending the basic capabilities
provided by the backbone network into a set of canon-
ical transport capabilities suitable for multimedia appli-
cations. As an example, ‘bandwidth reservation’ for a
data path is a basic capability provided by the network
(3] that can be extended by the commupication system to
2 ‘on-demand bandwidth allocation’ capability for variable
rate data sources by providing appropriate transport level
buffering of data and exercising the ‘bandwidth reserva-
tion’ feature of the network as and when data rates change
significantly. As another example, ‘delay jitter control’ for
a data path is a basic capability provided by the network,
which can be extended to a ‘media skew control’ capabil-
ity for multimedia data transport by specifying appropri-
ate bounds on the delay jitter of various media data paths
based on the real-time media synchronization needs [4, 5].
In general, the transport requirements of a multimedia ap-
plication may be mapped into an instance of transport
capabilities provided by the communication system which
may in turn bc mapped (by a transpert protocol in the
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Figure 1: Layers of functions in multimedia commu-

mication systems

communication system} to an instance of basic capabili-
ties pravided by the network.

Architecturally, the communication system resides on
top of the backbone network and exports a higher level
transport service to the user entities implementing an ap-
plication. The service interface, referred to as user-netvork
enterface (UNI), embeds a set of abstractions characteriz-
ing the varions transport capabilities. The user entities
invoke primitives (or comstructs} provided by the UNI to
exercise the transport capabilities to the extent required.
See Figure 1. In Q.931 ISDN signaling interface for in-
stance [6], a ‘call’ is a transport level abstraction that binds
to a network data path with certain bandwidth and data
loss characteristics. An ISDN voice terminal may create a
‘call’ by specifying a bandwidth of 64 kbfsec and a maxi-
mum bit loss rate of 10™°, Such a high level ‘programming’
of the backbone network allows flexibility and exteunsibil-
ity in structuring the complex communications required by
multimedia applications.

Viewing each media as being handled by an orthogo-
nal functional component in the communication system for
data coding and petwork resource allocation during data
transport, the control relationships between various media
maunifest as flow of control information between the func-
tional components that handle these media to synchronize
their data delivery. In video telephony for example, the in-
dividual functional components dealing with the audio and
video manage appropriate data paths in the network and
exchange timing information to enable simultaneous data
delivery at users. Such control interactions between trans-
port components can best be specified and represented ns-
ing an object-oriented model of the communication system
that defines a set of object types to handle the transport
of media data and a set of primitives {or operations) that
allow user entities to invoke object instances for a given
application. Our paper focusses on providing suitable ab-
stractions in the UNI towards this end.

In our paper, the UNI decomposes a user level
communication into a set of channel objects, with each
channel handling the transport of data stream belonging
to a media through the network and control information
exchanged across various objects to exercise inter-media

synchronization. The inter-media relationships depict a
pattern of flow of contral information across various ob-
jects by operation invocations. Since the information flow
pattern is basically a syntactic aspect, complex inter-media
relationships can be easily and flexibly incorporated in the
object structure with a nniform mechanism!. From the
user perspective, this object-oriented view of communi-
cation allows ‘micro-management’ of network resources,
enrichening the semantics of data tramsport and better
adaptation to data synchronization procedures. The trans-
port primitives arc designed to accrue these benefits. The
multimedia signaling protocol developed in the EXPANSE
project at BellCore (2] embodies a similar object-oriented
approach. In our paper though, we focus more on trans-
port abstractions rather than on protocols in the commu-
nication system.

To illustrate the benefits of using an object-oriented ap-
proach, the paper discusses salient features of the commu-
nication system models designed at the Kansas State Uni-
versity (8] and that of the Heidelberg Multimedia Commu-
nication System developed at the IBM European Network-
ing Center [9]. The object-oriented approach also allows
easier interworking of the communication system with to-
day’s networks such as JSDNs and data networks. It also
allows a seamless integration of media data transport into
muoltimedia programming environments.

The paper is organized as follows: Section 2 describes
an object-oriented view of handling media data transport.
Section 3 describes the salient features of 2 multimedia
communication system arising from this view. Section 4
describes our model of object orientation in the communi-
cation system. Section 5 discusses the architectural per-
spective of the communication system that incorporates
the object model. Section 6 discusses related works. Sec-
tion 7 concludes the paper.

2 Transport level media handling

We assume that the ternporal axis of an application is
segmented into real-time intervals containing data units
meaningful to the application. In digital TV for example,
the screen image and a set of audio samples corresponding
to the image are human perceptible data units occurring
over an interval of 30-40 milliseconds (msec). The com-
munication system activities are specifiable at the granu-
larity of such data units (alse referred to as data segments)
(8, 9.

2.1 Semantics of media interactions

We view each media as affecting a distinct part of the
application level state (e.g., audio and video data gener-

1The traditional forms of communications such as virtual
circuits and datagrams [7] merely appear as specific instances
of binding transport objects to channels with appropriate
characteristics.
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Figure 2: Illustration of inter-media relationships

ate aural and visual cues respectively in a human listener).
The control relationships between various media are deter-
mined by the various ways in which the state changes can
be composed. The occurrence of state changes upon gen-
erating and delivering the data units of various media at
user entities causes the application to progress along the
temporal axis [10]. This view allows us ta identify certain
control relationships that may exist among various media.
See Figure 2.

Atomicity of media data

Atomicity requires that the state changes due to either all
ot none of the media data take effect in the application
during an interval. Consider for instance, a multimedia
window based application. Each activity, say on a docu-
ment displayed on a workstation window, generates mul-
timedia data, possibly consisting of graphic input from a
menu using mouse click to highlight a certain portion of
the document, text input from a keyboard to update the
document and audio input from a voice phone for anno-
tations. A requirement may be that the data of either all
or none of these media occur at the window in an update
activity. Weaker forms of atomicity are also possible based
on application needs {e.g., at least text should be delivered
for catalogue browsing).

Temporal ordering of media data

Temporal ordering depicts a sequence in which data units
are delivered at destination entities in an interval. This
ordering may be specified by the application based on the
aliowable sequences of state changes caused by the data
and real-time persistence effects of the data (i.c., how long
the effects of a data unit linger on in the application). The
orderings can range between a strong form in which exactly

one delivery sequence is possible and weaker farms in which -

mare than one delivery sequence is possible (e.g., text and
voice deliverable in any sequence after the graphics image
in the example of catalogue browsing). The simultaneity
in delivery of data unils of different media (e.g., audio
and video in digital TV} is also subsumed in the noticn of
temporal ordering,.

The atomicity and temporal ordeting of media data can
be projected as transport level properties of the applica-
tion. For instance, the data burstiness and the average
data rate may be derived from the temporal characteris-
tics of various media in the application. The transport
properties are invariant, i.e.,, do not change over time or
across different jnstances of the application?, and often
manifest as requirements on the communication system.
For instance, the latter may need to buffer a data segment
for later delivery after the arrival of a temporally preceding
data segment. So the transport properties can be built into
the control structure of transport level functional modules
implementing the application.

2.2 Media transport and quality of ser-

vice

The transport requirements of a data stream may be
specified in the form of quality of service parameters which
are indicative of the guarantees required of the netwaork.
Typical parameters specifiable at the network level, re-
ferred 1o as QOS _,,, are the bandwidth to be reserved,
tolerable end-to-end data delays and tolerable data loss
rate [3, 11, 12, 13, 14]. The various data streams in a
multimedia communication may require different QOS,__,
guarantees from the network. .

Other higher level service parameters specifiable at the
application interface to the communication system (i.e.,
across the UNI), referred to as QOS,,,,,,, include infor-
mation on:

¢ Data burstiness, average data rate and sensitivity to
real-time skew;

e Intra-media/inter-media synchronization and other
control relationships such as atomicity and ordenng
of data units (e.g., how a data loss in one channel can
affect the flow of data on another channel).

See Figure 3. The above information in QOS,,,,,, are de-
rived from the application characteristics, and are nsed in
enforcing an appropriate delivety schedule on data units.
Enforcement of the high level guarantees consists of map-
ping the QOS,, .., parameters into a set of QO5,,,, pa-
rameters {e.g., burstiness, average rate and skew sensitivity
influence the bandwidth and delay specifications on chan-
nels) and executing an appropriate transport level proto-
col in the end-systems to manage the interactions between
various data streams [5, 8, 15].

Such a support for complex transport services can best
be realized with an object-oriented model of the commu-
nication system.

2The invariance of a controal relationship between media does
not imply that a value instantiating the control relationship can-
not change. In the example of catalogue browsing service, the
relation ‘graphics occurs before text’ holds true for every cata-
logue page data; however, the time delay between the text and
graphics can be a variable parameter that may depend on the
current execulion environment, and may change across diflerent
invocations of the service.



Genmraicn snd dissemination MULTIMEDIA
of daa APPLICATION
LAYRR l QOSanep (2 vea-network miefane)

MULTIMEDIA

) 0% megf® 0 e PORT LAYER

~ Synchonizing chaond data

NETWORK IQOS"“
{umplemments
chamed shstraction)

Figure 3: Nlustration of transport layer and network
layer qualities of service

Figure 4: Connection and channel functions in multi-
media communication systerms

2.3 Functional decamposition of media
transport

An object-oriented decomposition of functions in the
communication system allows description, representation
and enforcement of inter-media control relationships in a
uniform manner. Accordingly, a user level connection is
the setting up of communication between a set of user en-
tities that implement an application. A connection enfolds
one or more channels, i.e., network paths, along which var-
ious data streams in a multimedia information flow. The
user views a connection object as an end-point of communi-
cation while the network views the set of chanuel objects
in the connection as providing independent data paths,
each possibly with different chbaracteristics. It is the re-
sponsibility of the communication system to compose the
channels for a unified abstraction of connection visible to
the user. See Figure 4. For example, a video telephone
connection has two channels, viz., one for video data at
2 mbfsec (for compressed video) and the other for audio
data at 64 kb/sec. And these channels may take different
routes through the nelwork based on bandwidth availabil-
ily or may be multiplexed on the same route’. The com-
municalion system synchronizes the audio and video at
the connection level by delivering them simultaneously to

31t may be noted that a restricted form of this functionality
i5 used in narrow band ISDNs where a Primary Rate ISDN
interface may be provided by means of a set of independant
Basic Rate ISDN channcls [§].

a

the user'. The QOS,, n4p 15 associated with a connection
while a QOS5 _, is associated with each channel.

ln general, the above model of transport level handling
of media data {including that proposed in the EXPANSE
network (2]}, viz., moving the data through network chan-
nels and enforcing connection level end-to-end synchro-
nization, allows certain desirable features in the communi-
cation system, as described in the next section.

3 Desirable features of communication
system

As mentioned earlier, the communication system per-
forms two functions that are specific to multimedia trans-
port: i} generating QOS ., for various channels from the
connection level QOS, ..., and ii) invoking control pro-
cedures to manage the interactions between channels in
the cannection. The functions (i) and (ii} are embodied
into a transport protocol executed in the communication
system. We present the advantages of object-oriented ap-
proach from this framework.

3.1 Micro-management of network re-
sources

By partitioning the resonrce demands of a connection
across its channels, the communication system can exer-
cise fine granular control over the allocation of resources
for the connection to satisfy QOS,, _.,,. This is illustrated
below (we assume without loss of generality that the un-
derlying network uses packet switching; so a data segment
is realizable by a sequence of packets).

The QOS,,., specification for a channel has a direct
relationship to the demand put on network internal re-
sources in the channel implementation such as allocation
of packet buffers and assigning packet scheduling prior-
ity during packet transport through the network {16]. For
instance, a fixed and deterministic delay, as required for
high fidelity audio, represents a strong comstraint which
puts a heavy demand on resources such as pre-allocation
of packet buffers and assignment of higher packet priority.
On the other hand, a large tolerance to delay variabil-
ity, as with text transfer in catalogue browsing, represents
a weaker constraint which puts a lighter demand on re-
sources such as buffer allocation upon packet arrival and
assigning low packet priority. Similarly, the extent of tol-
erance o data loss on a channel can determine the extent
to which the network needs to exercise, say, ‘forward er-
ror correction’ procedures on packets transported through

4 The case of audic and video data independently multiplexed
on the same route is different from the case where these data
always take a single route and carry timing information along-
with for synchronization. The latier case is due to lack of a
proper abstraction that separates these media at the transport
level, so the network resource management is coarse and the
synchronization procedures are inflexible.



the channel, thereby influencing the amount of packet pro-
cessing needed in the network. In ATM networks {or in-
stance, the cell discard and launch priorities specifiable in
cell headers [3] are derivable from the QOS_,,. In general,
the network appears as a ‘programmable black-box’, with
the QOS, . specification supplying parameters to instan-
tiate the network activities®.

One approach to supporting tnultimedia communjca-
tion is to extract strong delay guarantees from the network
by specifying an appropriate QOS, ,,, whereby all the me-
dia data packets experience fixed and non-random delays
[4). Thus many of the transport requirements are implic-
itly satisfied by the network, thereby putting less burden
on the transport protocol. The approach however entails
wastefnl use of resources since many applications do not
need tight gonarantees on the packet delay/loss experienced
and for available peak bandwidth.

Instead, the specification of QOS,,,, at a fine granular-
ity, viz., at the channel level, allows resource guarantees
to be provided only to the extent required by the applica-
tion. For instance, a data that is generated in bursts need
not be delivered with the same degree of burstiness unless
the application requires this. So with traffic smoothing at
the transport level, buffers need not be allocated in the
network to meet the peak data rate from the application.
Consider another case where data segments belonging to
various media 1, yz,...,¥N§ are to be delivered simultane-
ously. The QOS__, specified by the transport protocol may
indicate min({6;}i=1,2,... &) as the acceptable delay varia-
tions on various network channels carrying the segments,
wheye §; is the persistence duration of y;. This can in tum
relax the packet scheduling priorities in the channels.

We believe such an application-specific control on the
network resource allocation [5, B) is a desirable feature in
future multimedia communication systems. It should be
noted that this micro-management of the network does
oot imply that the application needs to know more about
the underlying network than with conventional methods
(such as those used with ISO models [7]); it simply means
that the UNI allows a richer and canonical specification of
the transport requirements of application data which are

mappable into a set of network resource control parame-
ters.

3.2 Richer semantics of data transport

The success or otherwise in setting up a connection can
be specified at a fine granularity, as illustrated below.

Suppose a channel setup fails, say due to lack of ad-
equate resources to guarantee QOS_, . The effects of

5In a given implementation of the communication system
however, the generation of QOS_ _, parameters will be more
network-specific than as discussed above. Usually, the transport
level overhead in processing the data units (such as operating
system process scheduling delays and GPU cycles required in
end-sysiems) is also taken into account when generating the
QOS8, e See[17] for a detailed discussion on resource allocation
policies in end-systems and netwarks.

this failure on the other channels in the connection are
application-specific. In one extreme, the application may
require that all channels in the connection be successfully
set up; if one or more channels fail, the other channels
which already have been setup be aborted. This require-
ment may arise from the media atomicity discuseed earlier.
Weaker forms of this requirement may allow the connec-
tion to exist from the application’s point of view, though
in a degraded mode. In a video telephone connection for
instance, the conversation may coatinue on the audio chan-
nel even if the video channel fails.

A more general relationship between various channels
in a connection may be specified using AND and OR
‘syntactic connectives' on the channel setup activities. For
instance, a catalogue browising application may allow a de-
graded form of a connection in which the channel to carry
graphics image needs to be successfully set up along with
either audio or text channels. Such control relationships
are specifiable in QOS,, .., (2 similar solution has also
been proposed in [18]). )

A vanant of the above notion is the level of sustained
guarantees from the network on the channels already set
up for an on-going conunection. Sometimes, a quality degra-
dation cn a channel may affect the other channels. In a
high fidelity stereo for example, a sustained data loss in
one andio channe! may cause this chanpel to be aborted,
which in turn may cause the other audio channel also to
be aborted. Such control relationships are enforced by the
transport protocol, and would infiluence rescurce alloca-
ttons in the network (e.g., bandwidth allocation) by virtue
of specilying appropriate QOS,,., parameters. Typically,
an AND relationship on high quality channels (as in the
above example} may require resource reservations for the
worst case, while with OR relationship, on-demand re-
source allocations may suffice.

The transport protocol may (indirectly) control the pol-
icy

3.3 Better adaptation to data synchro-
nization procedures

The synchronization relationships may be specified in
terms of: i) the extent of data skew along the temporal
axis tolerable between data streams, and ii} the temporal
order in which the data streams may be presented to the
user (8, 10, 12]. These relationships may capture the con-
trol interactions between the various data streams. In the
multimedia window application for example, a data skew
(ot loss) may be acceptable in voice or text channels but
not in both.

In cases where high level recovery from data skew (or
loss} is required, recovery actions such as ‘restricted block-
ing’ may be specified by the application whereby a different
data umit can be ‘plugged’ in the place of 2 missing data
unit [10]. In a TV apphcation for example, the loss of a
picture frame may be handled by replaying the previous
frame on the video channel {a similar recovery is possible



for audio channels also). Such application-specific recavery
handlers are easily attachable to the transport protocols
providing the channel abstraction in the communication
system on a per-channel basis.

Similarly, the temporal ordering can be specified as con-
straints on the data delivery, ranging between strong to
weaker forms, as required by the application. In the above
example, the text and voice data may be presented in any
sequence. Such an ability to specify weaker ordering con-
straints may manifest in more asynchronism in data trans-
port in an underlying transport protocot [8]. Typically,
these complex synchronization relationships may be speci-
fied using AND, OR and NOT ‘syntactic connectives’ on
the channel data. Basically, such a specification indicates
the inter-dependencies among various data streams, and
may be included in QOS,, ., ,,

Note that the object-oriented structure of the com-
munication system leaves the door open for a variety of
paradigms and protocols for resource management, data
transport and synchromization. The paper describes, in
the next section, the elements of UNI and the underlying
structural components of communication system to pro-
vide snch a flexibility and extensibility®.

4 Object-oriented structure of commu-
nication system

Each media is handled by a distinct object that imple-
ments transport level functions to deliver the data stream
in the media to the user entity (e.g., segmenting the data
stream into suitable data units for transport). The objects
are basically functional modules that can interact with one
another over a pre-defined interconnect structure consist-
ing of directed edges between objects. An object com-
municates with one or more other objects in the form of
propagating control data items through appropriate edges
and invoking executions in these objects.

The UNI incorporates the above ‘dataflow program-
miug’ model of multimedia communication. The transport
level constructs satis{y two requirements:

¢ Allow parallelism among object invocations and pro-
vide expressibility of the functional relationships be-
tween various media represented by objects

A communication activity in the catalogue brows-
ing service example may manifest in parallel
handling of the text, graphics and audio data,
and in simultaneous delivery of text and audio
after the graphics display at the terminal;

# Be usable at various levels of media granularity for
transport processing

$The study of different paradigms and protocols [or resource
meanagement, data transport and synchronization is itself out-
side the scope of Lhis paper.

In a digital TV with sterophonic audio, the left
and right voice data form a single media to be
synchronized with the video; at a lower level, the
left and right vaice data form separate media for
delay compensation purposes.

These constructs are based on the attribute-based naming
of transport services, and are discussed below.

4.1 Attribute-based naming of objects

The communication system is characterizable by a set
Att consisting of: attribute names which refer to transport
features supported and a set of attribute values which refer
to feasible instances of each feature, as specified by

Att = { (attribute name, {attribute value}) }.

A transport level object implementing a media is basically
an instantiation of the various attributes. [n other words,
a user entity specifies a value for each attribute, i.e., the
necessary (attribute,value) pairs, to create and manipulate
a transport level object for each media.

The transport attributes of a multimedia object may
include the average rate, burstiness, loss sensitivity, skew
tolerance, and the coding technigne employed for the var-
ious media data, specified as RATE, BURST, L_SENS,
SKEW and CODE respectively. These attobutes are il-
lustrated below:

Att={ (RATE,{150,75,25,1.5,...,0.064,...})
(BURST, {0.0,0.1,0.2,...,1.0}
(LSENS, {0.0,107%,1074,.. .}
(SKEW,{1073,2+10°,5%107%,107%,.. .}
(CODE,{JPEG,MPEG,...})

}.

We illustrate’ the transport level specification of objects
in terms of these attributes nsing some examples:
Example 1: A user may specily an instance of the
catalogne object discussed earlier as follows:

cat_abj =

{(AUDIO, {{RATE,0.064), (BURST, 0),(L.SENS,107%),
(SKEW,2+107%)})

(TEXT, {{RATE,0.010), (BU RST,0.2), (SK EW, 10"7),
(L-SENS,0)})

(GRAPHICS,{(RATE,0.1),(BURST, 0.5),(SKEW,107°),

(L.SENS, 0)})}.

Example 2: Sample transport attributes of a video

"The data coding functionalities used in the transport of
many media data such as JPEG and MPEG for video images
are primarily used to reduce the bandwidth and storage require-
ments of the media data in the communication system. These
functionalities have nothing to do with presentation of data to
the application entities such as display of video images to human
viewers in digital TV. So data coding [alls in the multimedia
transport layer.
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Figure 5: Illustration of object instances in the com-
munication system

camera may be the type of video data encoding, the video
data bandwidth and the tolerable skew in real-time pre-
sentation of video frames. A user may specify such a video
camera object as follows:

vid_obj =
{{CODE, JPEG), (RATE,15), (SK EW, 0.066)}.

Thus the communication system appears as a collection
of object instances dynamically created, manipulated and
then destroyed by user entities. See Figure 5 for an illus-
tration.

In general, the use of atiribute-based naming allows one
to specify decomposition of an object to various levels of
granularity of transport features. We expect the number of
attributes required for typical objects to be less than 10.
It shouid be moted that in an (attribute,value) pair, the
value may itself be another (attribute,value) pair. Such
a nesting of attributes allows fize-grained specification of
various media. Since the attribute-based characterization
is syntactic, i.e., does not require kuowledge of the mean-
ings of attribute names or their values, it can be uniformly
used for different types of media®.

4.2 Object definitions

The communication system implements the feature rep-
resented by an attribute name as a function. Users supply
the attribute names to invoke various functions as objects
with the attribute values as parameters.

An invocation on an object § may be abstracted as a
function ®(X ) whose execution generates a control data

8The ‘attribute-based naming’ has been used in specilying
general distributed services, as described in An Overview of
UNP (Universal Naming Protocol) by L. Petersonin Com-
puter Communication Review (ACM SIGCOMM), May 1989.
We expect that the user specified QUS,,,,, may be bound
to specific object instances using some form of ‘attribute-based
name service’ for Lransport functions.

item R to be sent to one or more other objects, where
Xng is a sat of attributes defined in the UNI to describe
5 (Ns > 0). The invocation may be represented as R =
O(Xng).

Let Xn;, = {z1.Z2,....ZNn4}- The attributes
T1,%32,...,ZNg are orthogonalto one another, i.e., the ob-
ject executions that exercise different attribuies do not
interfere with one another. The orthogonality allows
®(X ng) to be decomposed into a set of independent func-
tions {@¢(xi)}i=1.2,..,Ns, where ¢{z;) refers to the execu-
tion of ¢ that deals with z;. Consider the video cam-
era example. The video skew handler module, specified
as SKEW, and the video rate controller module, speci-
fied as RATE, are transport protocol drivers generating
QOS,,., specifications to dynamically control the chan-
nel delay behaviour and bandwidth allocation respectively
[5, 14], while the video code handler module, specified
as CODE, is a data encoder to map between videc and
JPEG/MPEG formats. An operation to create a trans
port level instance of camera object C, represented as

Create({(SKEW, 0.066), (RATE, 1.5), (CODE, JPEG)})(C),

may then be decomposed into three orthogonal invoca-
tions Create(SKEW(0.066){C), Create(RATE(1.5))}(C)
and Create(CODE(JPEG)}C).

The set of fnnctions {¢{zi)}ve constitutes the im-
plementation of the feature represemted by z.. Con-
sider a write operation to modify the parameters of
C in the earlier example. It causes orthogonal execu-
tions: Write(SKEW (... )}{(C), Write(RATE(...}}{C) and
Write(CODE(...)}(C). So the implementation of, say,
SKEW
consists of {Create(SKEW), Write(SKEW)} and that of
RATE consists of {Create(RATE}, Write(RATE}}.

The result R of the function ¢ may be composed from
the results returned by the various ¢(z;)’s:

B=4¢(z:) @ é(z2) ® ... & d(zns),

where @ is a composition function. See Fignre 6. In the
previous example of creating a camera object, R may be
a concatenation of the onlcomes — success or non-success
— of the Create(SKEW) and Create{CODE) functions,
with @ representing the concatenation. As another ex-
ample, consider the catalogue browsing application. A
user entity specifies Read({AUDIO, TEXT, GRAPHICS})
in its invocation to read the audio, text and graphics data
from the communication system for updating the local
windaw. The functions Read(AUDIO), Read{TEXT) and
Read(GRAPHICS) may activate the audio driver, set up
text buffers and map graphics images to window display
respectively. The @ function in this case is to combine
the three results to generate a new update to the window
subject to tempaoral ordering and atomicity requirements.

4.3 Representation of media relationships

The temporal relationships between the data units

dy,d2, ..., dn belonging to the media y1,y2,. ..,y respec-
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Figure 6: Illustration of object invocation and func-
tional parallelism

tively may be specfied as predicates on the delivery of
data units in an interval, and may appear as an intercon-
nect structure among objects implementing {yi}i=1.2,. ~-
Since the temporal relationships are invariant, the inter-
connect structure depicts a static pattern of flow of control
data items. We discuss this below in the case of atomicity
and ordering {see Figure T}):

Atomicity: AND and OR connectives on the at-
tributes describing the media y1,¥2,..., yv may be used
to express atomicity. A sirong form of atomicity may be
expressed as (y1 AND y; AND ... AND yy), while
weaker forms may include OR. connectives. The AND
form maps to an interconnect structure in which an edge
originating from each object yiliz12,...~ is incident om
the object @. So @ waits for control data items on all
edges before delivering each d; to the application. For ex-
ample, a requirement that both video and audio should
be delivered in a video distribution may be expressed as
® = (VIDEO AND AUDIO). In the example of cat-
alogue browsing, a requirement that graphics and text
should be delivered without necessarily delivering the au-
dio may be expressed as

® = (GRAPHICS AND TEXT AND@&') and
& = (NOT(AUDIO) OR AUDIOY,
where NOT(X) generates a control data item if the in-

cident edge on X does not have successful data arrival in
an interval, @ generates a control data item when either
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Figure 7: Mapping inter-media temporal relationships
to inter-object ‘dataflow’

NOT(AUDIO) or AUDIO generates a control data item,
and @ delivers the available media data after receiving con-
trol data items from GRAPHICS, TEXT and @'.

Temporal ordering: A *happens before’ relation on me-
dia data units can be used to express the temporal ordering
requirements. A relation ‘dy happens before da’, denoted
as 1 it ¥z, means that, in a given interval, a data wunit
d; belonging to media s is delivered after a data unit
d; belonging to media y; is delivered and the persistence
duration §; of y; has elapsed®. Such a relation can be em-
bedded into the object interconnect structure as follows.
The object y2 has a directed edge from the object y1. The
contro! data item generated by y; upon delivering d; car-
ries a ‘time valne' t_val = §; that causes y; to wait until
the time duration {_val has elapsed before delivering d.
For example, the catague browsing application may be ex-

pressed as {(GRAPHICS % VOICE), (GRAPHICS %%

TEXT)} where §; indicates the persistence duration of
GRAPHICS media.

The atomicity specification is distinct from the tempo-
ral ordering specification, and manifests as an additional
constraint on the delivery of media data units. For in-
stance, a superposition of the relations y; AND y2 and
" 5, y2 causes the communication system to hold the de-
livery of d; until d2 becomes available, whereupon d; is
delivered followed by d; with a time separation of &;.

The attribute specification describing the media
and the atomicityfordering requirements constitute tle
QOS,;qnep- Such a specification can be embedded into
some form of programming tool for applications (such as
the Heidelberg Multimedia Application Toolkit {19]).

9The ‘happens before’ relation is a modified form of Lam-
port's relation on occwrrence of 'events' in a distributed system,
as discussed by L. Lamport in the paper Time, Clocks and
Ordering of Events in Distributed Systems in the journal
Communications of the ACM (1978).



4.4 Exploiting parallelism in object im-
plementation

An (attribute,value) pair is self-describing, i.e., contains
the necessary information to exercise the corresponding
feature. So a function implementing an attribute ¢(z,) can
execute as soon as z; is available. Since the various ¢(z,)’s
are orthogonal, there is potential for parallelism among
them. Referring to Figure 6 for the video camera exam-
ple, the functions Create(SKEW) and Create(CODE) can
execute in parallel. Similarly in the example of catalogue
browsing, the functions Read(AUDIO), Read(TEXT) and
Read(GRAPHICS) can execute in parallel. So the vari-
ous transport driver objects handling these media can ex-
ecute simultaneously. The fine-grained parallelism arises
due to functional decomposition of the object and due to
the user’s ability to invoke the decomposed functions.

Summary of our model

The attribute-based decomposition of multimedia data
transport as objects in the communication system requires
user entities to ezplicitly identify and represent functional
relationships among various media data. This object ori-
entation underscores two distinct aspects:

o A ‘dataflow programming’ style of structuring object
interactions in the commnnication system;

® A declarative programming of the UNLin the form of
predicates on the delivery of data.

These aspects allow flexibility in transport level program-
ming of applications and interworking of the communica-
tion systern with heterogeneous networks, as illustrated in
the next section.

5 Architectural perspectives

In this section, we describe how our model of UNI can
accomodate various desired tramsport features and allow
seamless integration of existing networks and service envi-
ronments into the communication system.

5.1 Functional architecture of communi-
cation system

Our architecture implements three layers of functions:
1) channel abstraction in the network layer, ii) connection
abstraction in the transport layer, and iii} user entities in
the application layer. The functions (i), (i1} and (ili) may
be projected on two diflerent planes: control and data, as
follows (sece Figure B).

Multimedia application layer:  On the ‘data plane’, the
function consists of generating and dissemintating
data streams such as video, audio and text. On
the ‘control plane’, il consists of mapping the data
synchronization requirements (such as simultaneity in

data delivery) into a specification of QOS
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Figure 8: Functional architecture and relationship to
0OSI

Multimedia transport layer:  On the ‘data plane’, the
function consists of segmentation of data streams for
transport over the network. On the ‘control plane’,
it consists of decomposing the multimedia data into
separate segments for dispatch over network channels
and composing the segments received over varions
channels for delivery to the application, sabject to
synchronization constraints specified in QOS,an.p-

Network layer: On the ‘data plane’, the function consists

of sending and receiving packets over the communi-
cation links. On the ‘control plane’, it consists of link
level mechanisms to implement the channel abstrac-
tion, with the user specified QOS,,,, enforced in each
of the channels.

The functional relationships among media that exist on
the ‘control plane’ are not visible on the “data plane’. For
instance, the control action of a segment wait in a buffer
pending synchonization manifests as a real-time pause in
the flow of data on the ‘data plane’. Similarly, the actions
exercised by the transport entity on the ‘data plane’, say
for error recovery and/or window management (e.g., send-
ing acknowledgement to a data), do not appear on the
‘control plane’. However, any delay in data arrival caused
by such actions appear as a real-time pause in the temporal
interval on the ‘control plane’. The temporal relationships
among a set of segments (e.g., AND) map on the ‘data
plane' one-to-one to a linearized sequence of various seg-
ments. So data segments of a media on the ‘contrel plane’
appear on the ‘data plane’ in the sequence given by this
mapping.

5.2 Interworking with current networks

The communication system may exploit the network
level facilities that are available in current nelworks by en-
folding these facilities into the transport abstractions. We



illustrate this with the cases of audio-video conferencing
and heterogeneous networks.

Audio-video conferencing

Our transport model can be used to support applications
requiring audio-video conferencing on top of current net-
works that provide only audio conferencing facilities. We
perceive this to be a future trend because audio conferenc-
ing support is easily providable by networks. For instance,
ISDN network layer protocols have been evolved towards a
conference service located at a central site and reached by
user stations [6], with various stations interacting with one
another over voice channels. However, the diverse data for-
mats and coding potentially required for video transport
make it less likely that video conferencing support from
current networks will be available in the near fnture (even
with H.261 data formats). Given this technological limi-
tation, our model can encapsulate an audio conferencing
facility into a channel, create a video conferencing facl-
ity with a costomized data format and rate on another
channel, and compose these channels together using an
application-specified control relationship.

Heterogeneous networks

The basic facilities provided by some existing networks
may not be exercisable at a fine granularity due to lack
of compatibility between our UN] and the network fa-
cilities. For instance, a network may not provide band-
width allocation for a channel as an attribute specifiable
in QOS,,,.. In such networks, the transport protocel deal-
ing with QOS,, ., specifications can create a single chan-
nel for all the media data units and provide a degenerate
form of QOS, . specification conforming to the charac-
teristics of a given network. Since the resonrce manage-
ment, data trapsport and data synchronization features
are viewed from an end-to-end perspective in our model
and the transport level enhancements made feasible with
the model are only desirable elements, a functional incom-
patibility may not as such hamper the multimedia commu-
nication though it may not accrue the incremental benefits
of using the model. In other woids, an end-to-end trans-
port spanning across heterogeneous networks may not be
able to fully exploit the desirable elements of the madel on
these networks.

5.3 Relationship to OSI protocols

We compare the various functions in our architecture
with the OS] architecture [7]. Refer to Figure 8. A net-
work channel provides data delivery with datagram reli-
ability (though QOS,,_, can control the extent of packet
loss), and roughly corresponds to the ISO ‘class 97 trans-
port that provides no error recovery. The dispatching and
receiving of data packets over mulliple channels of a con-
nection roughly map to the OSI session Jayer implemented
using one or more ‘class 0’ transport paths,

Given a set of media data units available from the OSI
session layer, the lower part of OS] presentation layer pro-
vides a mapping on the data before delivering them to the
application. Typically, the mapping may involve data en-
coding (such as JPEG/MPEG for video)! and temporal

ordering of data units (based on «%, relations on data units
specified in QOS,,,,,,). The temporal ordering appears as
a linearized sequencing of the data units over real-time at
the application entities.

Thus, the OSI session layer implemented on ‘class 0’
transport paths and the lower part of OSI presentation
layer are projected into the multimedia transport layer in
our architecture'’. Generation and dissemination of multi-
media data fall in the OSI application layer and the upper
part of OSI presentation layer.

We believe such a flexibility to interwork with existing
networks and protocols is essential for the evolving multi-
media communication systems.

5.4 Integration into object-oriented pro-
gramming environments

The object-criented structure of the communication
system allows rapid prototyping of UNI software and ex-
tensibility of protocols, which is useful in the development
and maintenance of multimedia systems. In addition, it
enables a seamless integration of transport level compo-
nents into object-oriented programming environments. ln
this context, various existing methods of object orientation
in multimedia communication such as the use of library in-
terfaces [20], the multimedia virtual circuits [21] and the
operating syster tool kits [22] are suitable for system level
integration of multimedia by providing an ‘object-oriented
glue' ta conventional network models, but these meth-
ods are restrictive for program level integration. ln our
approach, we provide an object-orienied structure of the
communication system top-down, taken dowu to network
level which, we believe, naturally blends into programming
methods.

6 Related works

The structuring of multimedia data transport, as de-
scribed in our paper, is quite similar to the ‘functional
signaling” approach proposed in existing works for broad-
band multimedia services [2, 23, 24] in terms of its heavy

10The media data coding functionalities encapsulatable in a
multimedia communication system are unlike the upper part of
OSI presentation layer functions that often deal with syntactic
transformations on data for translation and representation of
data at application entities (i.¢., deal with data heterogeneity
in the communicating end-to-end terminals).

U Existing OS1 higher layer protocol implementations above
the ‘class O’ transport {such as ‘class 4' transport protocol im-
plementation) may be viewed as special cases of the transport
and application layers in cur architecture.



reliance on object-oriented modeling of the communication
systern. However, our work focusses more on the specifica-
tion of control relationships among medja and their impli-
cations on =nd-to-end and network resource management,
whereas the existing works focus more on transport level
signaling protocals that allow embodying a variety of con-
trol relationships. The work on structuring telecommuni-
cation switching software using object-oriented approaches
[25] deals with some representative transport level inter-
media relationships for complex multimedia applications.
In comparison, our work deals with general tools and mech-
anisms for specification and exercising of such coutrel re-
lationships.

Also, our ‘dataflow’ model of structuring the commo-
nication system is quite different from the ‘state machine’
models suggested in [2] and [25] where functicnal relation-
ships between various media are implicitly built into the
‘state transition’ procedures in the object internal struc-
ture. Given the need to tap the communication parallelism
inherent in an application, our approach does not impase
any additional complexity in the transport level view since
the functional relationships between various media need to
be built into the control flow of object executions in any
chosen model.

The multimedia transport model suggested in [26] fo-
cusses more on extending OSI protocols to provide me-
dia synchronization and real-time delivery guarantees.
Though the solutions suggested in this model are in general
useful, the lack of object-criented modeling of data trans-
port in the 5! framework makes a communication system
incorporating OS] protocals less flexible andfor extensible
to deal with the complexities of multimedia communica-
tion.

7 Conclusions

This paper provided an object-oriented model of 2 mul-
timedia commnnication system by decomposing the trans-
port functions into orthogonal channels that carry the me-
dia data through the network and by providing a method-
ology for defining a set of control relationships that allow
the media cdata to be composed in an application-specific
manner. The object model enables many desirable fea-
tures in the communication system such as management
of network resources at finer granularities, providing richer
semantics of data transport and better adaptation to me-
dia synchrouization.

The paper described a model of UNI using attribute-
based decompesition and invocation of tramsport func-
tions. This results in a ‘dataflow programming' view of
the communication system. Using this model, the paper
illustrated the architectural aspects of the communication
system. The object model allows flexible interworking of
a multimedia communication system with many existing
networks. The model allows seamless integration of trans-
port components into object-oriented programming envi-

ronments.

The separation of the user level and the network level
views of data transport has been advocated also in [2, 25).
In our work however, we encapsulate these views in a uni-
form object-oriented framework and use it to provide richer
functionalities in the communication system'?. Conceptu-
ally, the approach puts the onns of enforcing the control
relationships between various data streams explicitly in the
end-systems, with only support mechanisms in the network
to control the data delay and/for loss in the network. This
partitioning of functions however is not obvious in many
existing models of communication systems.

The various elements of our transport interface have
been incorporated in the prototype communication system
currently being built at Kansas State University [8]. These
elements are also supported, in one form or the cther and
in varying degrees, in the Heidelberg Transport System
Prototype built at the IBM European Networking Center
[9]. We believe that the transport interface may be inte-
grated into an object-oriented programming environment
with more ease, flexibility and extensibility than with con-
ventional approaches.

Details of the transport interface such as the transport
level primitives, the application structure and the under-
lying transport protocols are other interesting research is-
sues.
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