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Abstract

Today, there is a growing interest in home entertainment
systems consisting of various networked devices, such as
set-top boxes, hi-fi systems, TV sets, or multimedia PCs.
However, available solutions only provide a very restricted
set of features. Dynamic routing of media streams between
distributed devices and multi-user scenarios are typically
not supported.

In this paper, we present an architecture for a distributed
home entertainment system that overcomes these limita-
tions. We especially examine the most important tasks,
namely watching and recording TV. The overall system con-
sists of various devices and allows for multiple users to per-
form different tasks in parallel. Our architecture supports
multi-room applications with a single media stream being
presented synchronously on different distributed devices. In
addition, applications can be handed over to nearby sys-
tems. Finally, we present an algorithm that dynamically
determines the optimal media routing for such multi-user
scenarios.

1 Introduction

The area of multimedia home entertainment has seen
a clear trend towards networked devices, such as set-top
boxes, hi-fi systems, or TV sets. Often, existing multime-
dia PCs are also connected to the home network. In fu-
ture scenarios, more and more systems will be integrated
into our environment invisibly. Besides their general net-
working capabilities, most of these devices are today fully
programmable, which – in principle – allows for advanced
application scenarios to be realized.

In contrast, commercially available solutions only pro-
vide very restricted functionality. For example, the TV pro-
gram received by a set-top box can only be rendered to a di-
rectly connected display or streamed to a single specialized
streaming client. If different media sources are available,
e.g. different receivers for analog or digital TV, they can

not be integrated seamlessly into the system. Recording TV
shows from different sources becomes a tedious task, where
each device needs to be programmed manually. More ad-
vanced services are not supported.

Previous research in the area of multimedia home en-
tertainment has mainly concentrated on providing location-
aware services. Different approaches for accessing me-
dia streams using nearby stationary devices are presented
in [1] for IEEE 1394 networks and as an OSGi compat-
ible solution in [3]. A solution for “follow-you-and-me
video” is described in [7]. Multimedia service delivery with
dynamic handoffs to mobile or stationary devices is also
presented [2]; synchronized and seamless handoffs were
demonstrated in [5]. In [9], an application framework is
proposed that can map running applications between differ-
ent environments depending on the users position.

In contrast, the software architecture presented in this
paper provides a transparent view on the network and there-
fore allows for realizing much more complex scenarios.
In particular, we examine the dynamic routing of media
streams in multi-user environments, especially for the com-
mon tasks of watching and recording TV. Using our sys-
tem, users can transparently access all available TV chan-
nels provided by different distributed sources, e.g. receivers
for digital or analog TV connected to the home network.
When applications compete for these resources – e.g. when
different users try to access the same media source, or a
video recording task interferes an already running task – our
system tries to share resources or to re-route media streams
in order to keep the current quality of service. In addition,
a running task can be duplicated to run simultaneously at
several locations. As a special case, the media output of an
active application can also be handed over between differ-
ent systems, e.g. to the system that is closest to the user. We
argue that such services are essential for future multimedia
home entertainment systems.

In the following, we first describe an exemplary home
network in Section 2. Then, the various applications and
the imposed requirements are pointed out in Section 3. In
Section 4, the dynamic routing of media streams will be
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Figure 1. Exemplary setup of a home enter-
tainment network including different TV re-
ceivers (analog and digital) and various out-
put devices (STB1-4, and PC).

described for several application scenarios of interest. We
start the presentation with relatively simple configurations
that only include a single user and one or two running tasks.
These configurations will be extended incrementally to in-
clude more complex setups. A generic algorithm that op-
timizes media routing is presented in Section 5. Finally,
conclusions are drawn and future work is presented in Sec-
tion 6.

2 Exemplary Home Network

Figure 1 shows an exemplary setup of a network for mul-
timedia home entertainment. Notice that we use a mod-
erate sized example for simplicity; the presented approach
can also be applied for larger numbers of users and devices.
Our setup includes different devices connected using com-
modity fully switched 100 Mbit LAN networking technol-
ogy that is able to transmit several encoded high quality au-
dio/video streams in parallel.

Two sources for receiving TV are available in our exam-
ple. The set-top box in the living room (STB1) receives a
large number of channels via analog cable TV and is used
to watch TV using a connected display. Furthermore, we
assume that this device also includes a hardware unit for
encoding media streams to MPEG2 in real-time. Such en-
coded streams can then either be stored on the hard disc in-
tegrated into the device itself or transmitted to other devices
within the network.

As second source, a PC in the study contains a board
for receiving terrestrial or satellite TV, e.g. using one ofthe
standards defined by Digital Video Broadcasting (DVB),
Advanced Television Committee (ATSC), or Integrated
Services Digital Broadcasting (ISDB). Since the received
streams are already available as MPEG2, they can either be

stored on the hard disc of the PC or forwarded to other de-
vices.

In particular, three additional set-top boxes, STB2, STB3
and STB4, are available within the kitchen and the two bed-
rooms, respectively. These devices can be used to decode
and render MPEG2 streams received via the network. No-
tice that this feature is also supported by STB1 and the PC.

We assume that all these devices are fully programmable.
In particular, each device runs a software architecture sup-
porting distributed multimedia – the Network-Integrated
Multimedia Middleware (NMM) [4]. The features of this
architecture will be described in more detail in Section 4.

Notice that TV sources provide different quality. For
example, we assume that streams received digitally (PC)
offer a better quality then analog TV encoded to MPEG2
(STB1). Furthermore, each TV source provides a specific
list of channels. For the following examples, we assume
that the PC includes a newly purchased DVB-T board for
receiving terrestrial digital TV – a typical scenario for Ger-
many and other European countries. Therefore, only 15-
20 TV channels are available using the digital TV receiver,
compared to 30 or more for analog TV. While some chan-
nels might be available for both sources, some can only be
watched by accessing a specific device. To take the dif-
ferences in quality and number of channels into account,
we use aunified channel list. Within this list, all available
channels (for analog and digital TV) are arranged accord-
ing to users’ preferences. For each channel, available TV
sources and the corresponding devices are given and sorted
according to their “quality”, i.e. digital TV is preferred over
analog.

3 Applications and Requirements

For the two users present in our setup, namely Alice and
Bob, following applications are provided.

• Live TV: A user watches a specific channel using a
TV source (analog using STB1 or digital using PC)
and an output device (STB1, STB2, STB3, STB4, or
PC). Channel-hopping is fully supported, i.e. a user
can switch between channels received by different de-
vices seamlessly. Live TV supports multi-room play-
back, i.e. the same media stream can be rendered syn-
chronously in several rooms using different available
devices. A special case thereof is a “follow-me” sce-
nario, where a user can hand over the media output of
an already started live TV application to his current lo-
cation, e.g. when moving between rooms.

• Video recorder: Records a TV show encoded as
MPEG2 to the hard disc of STB1 or the PC, respec-
tively. A recording is specified by atimer that includes
start and end time an the intended channel; the TV
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source to be used is determined when programming
the timer.

• Electronic Program Guide (EPG):A single EPG task
(e.g. running on the PC) collects program informa-
tion transmitted within the digital data stream and
stores it within a database. All devices can access this
database for displaying additional information on the
current TV show. Furthermore, users can browse the
EPG database for easily programming timers for video
recorders.

Notice that the system described in the following is able to
handle several simultaneously running instances of the live
TV and the recorder application, e.g. because multiple users
are active or more than a single TV show is to be recorded
at a time.

From the above described applications, following gen-
eral requirements can be derived.

• Access, control, and integration of media streams re-
ceived by distributed devices needs to be provided, e.g.
for remote TV receivers connected to the network.

• Simultaneous and shared access to a single distributed
device has to be supported, e.g. to allow for different
users to watch the same TV channel using different
output devices in different rooms.

• Synchronous playback of media using several net-
worked systems is required, e.g. to avoid offsets in the
audio and video presentation when a single stream is
to be rendered using output devices located in adjacent
rooms. This feature is needed for supporting multi-
room and “follow-me” presentations.

• A last requirement to be fulfilled is the appropriate
handling of the dynamic behavior of the overall system
including concurrently operating applications (e.g. live
TV and channel-hopping, video recorders, or back-
ground tasks that acquire EPG information) competing
for shared resources (e.g. TV receivers).

4 Dynamic Media Routing

We first describe the architectural approach of the under-
lying multimedia framework used for our system. Then, the
dynamic routing of media streams is presented for different
use cases of importance for home entertainment.

4.1 Architectural Model

Within common multimedia architectures, such as Di-
rectShow [8] or the Java Media Framework [10], all mul-
timedia functionality is modeled byflow graphs. A flow
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Figure 2. Flow graph for live TV including a
possibly remote TV source and nodes for de-
multiplexing, decoding and rendering the re-
ceived MPEG2 audio/video stream.

graph is a directed graph consisting of independent process-
ing elements. Multimedia data streams are encapsulated
into buffers that are forwarded in “downstream” direction
from sources of data to sinks. Intermediate nodes perform
transformations on data streams, e.g. decoding or demulti-
plexing.

While flow graphs of commonly available architectures
are restricted to operate on a single host, the underlying
NMM framework used for our work allows for transpar-
ently distributed flow graphs[4]. Processing elements,
callednodes, running on remote systems can be connected
and controlled the same way as locally running elements. A
registry servicesupports the search for specific components
within the network and handles the creation of distributed
flow graphs.

4.2 Live TV and Channel-Hopping

Since NMM allows for transparently distributed flow
graphs, the above described live TV application can be re-
alized by creating the setup shown in Figure 2: a flow graph
including a possibly remote TV source and nodes for de-
multiplexing, decoding and rendering the received MPEG2
audio/video stream. Notice that any device in the home net-
work can host this application and therefore be used as out-
put device. If, for example, user Alice wants to watch TV
in the kitchen using STB2, the corresponding application
will request a TV source from either STB1 or the PC; the
audio/video presentation will performed on STB2.

The TV source to be used is determined by a look-up
in the unified channel list (compare Section 2). When Al-
ice changes channels, the system checks if the newly se-
lected channel is still supported by the currently used TV
receiver. If not, the flow graph is dynamically adapted, i.e.
the source node is replaced. To avoid interrupting the pre-
sentation, the new data source is first requested and config-
ured for the selected channel before the data stream from
the currently used source node is interrupted. Together, this
allows for seamlessly and transparently switching between
different distributed TV receivers.
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Figure 3. The source node for receiving TV
is shared among two independent distributed
flow graphs to enable multi-room live TV and
a follow-me feature.

4.3 Multi-Room Live TV and Follow-Me TV

Another important use case occurs if Alice wants to con-
tinue watching TV while moving within the home. As
an example, consider the situation when Alice wants to
watch TV while preparing a meal in the kitchen. Then,
she changes her location several times, e.g. she enters and
leaves the living room when serving dinner. Such scenar-
ios require to route the same media stream to several output
devices simultaneously.

Within our architecture, a special service calledsession
sharingprovides this functionality [6]. This service auto-
matically maps request for flow graphs to be created newly
to already running flow graphs. All nodes within running
flow graphs that are “identical” are determined and then
shared among different applications. Conceptually, this re-
sults in two independent applications, each using a specific
flow graph that internally shares certain nodes with another
flow graph.

For our example, the result of this process is shown in
Figure 3. The source node for receiving TV is shared among
two applications operating on different hosts. Since Alice
started to watch TV in the kitchen using STB2, the corre-
sponding flow graph is system is calledmaster; the addi-
tionally created flow graph running on STB1 in the living
room is calledslave. Notice that full control is provided for
both systems. This means that Alice can change channels
operating STB1 or STB2, e.g. using a remote control.

In addition, the underlying NMM architecture provides
lip-synchronous playback of audio and video on all partici-
pating devices. The offset between different systems is re-
duced to only a few milliseconds, which is sufficient for
multi-room solutions [6]. This is achieved by using fol-
lowing approach. First, the internal clocks of all systems
are synchronized using the Network Time Protocol (NTP).
Second, the maximum networking and processing delay of

all paths within all shared flow graphs is determined. The
audio and video presentation of all devices is then delayed
artificially until this offset is reached. During runtime, the
maximum delay is updated if necessary.

For realizing a “follow-me” service, the session sharing
service is first used to create an additional shared flow graph
that renders audio and video on a different system, e.g. a
nearby system that is manually selected by the user. Once
the slave graph is running, the master graph is destroyed.

4.4 Live TV versus EPG

In this use case, Bob starts watching sports using the TV
in the living room connected to STB1. Let us assume that
the live TV application chooses the digital TV receiver (PC)
because it is the preferred data source for the selected chan-
nel. However, since the EPG application is continuously
running in the background and using the digital receiver to
collect EPG information, we define following rule:

Live TV can take control of a TV source that is
used by an EPG task.

When the live TV application running on STB1 requests
the digital TV source, only a shared instance is returned
by the session sharing service as described in Section 4.3.
Based on our rule, the live TV application takes control of
this source and informs the EPG task that channel switching
is no longer allowed. Therefore, the EPG task tries to use
another digital TV source. Since there is no such resource
available in our setup, the EPG task continues to collect pro-
gram information from the channel that is currently watched
by the live TV application controlled by Bob. As soon as the
live TV application controlled by Bob stops using the digital
TV receiver, the EPG task takes over control again and con-
tinues collecting program information from all channels.

4.5 Video Recorder Timers

In the next use case, Bob wants to schedule the record-
ing of a TV show to be broadcasted next week. Therefore,
he selects the corresponding entry using the EPG, which in
turn creates a timer to be stored in a global database acces-
sible by all recording tasks. If there are no other conflicting
timers, the digital TV receiver is chosen as preferred data
source.

However, in general, there will be several timers pro-
vided by different users. Therefore, whenever a new timer is
created, the EPG checks whether it can schedule all record-
ings using all available TV sources. For assigning TV
sources to timers, we use a depth-first search. The algo-
rithm starts by assigning the most preferred TV source for
the specified channel to the timer that was provided first.
Then, this process is repeated for all further timers. In each
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step, the most preferred TV sources are checked first. As
soon as a TV sources is assigned to each timer, the algo-
rithm terminates. If no solution can be found at all, the last
timer provided is discarded and a message is displayed to
inform the user that the timer could not be set.

In the worst case, the algorithm needs to testn
t com-

binations, wheren is the number of TV sources andt the
number of timers. However, since we use a greedy depth-
first search that terminates once a solution is found, the run-
time of the algorithm is acceptable even for larger numbers
of TV sources and timers. For future work, we would like
to apply more advanced approaches.

4.6 Multi-User Live TV

Another use case occurs if several users are watching TV
concurrently and try to access the same TV source, e.g. dur-
ing channel-hopping. For handling this case, we define fol-
lowing rule:

The live TV application that requests a TV source
first obtains full control of it.

As an example, consider that Bob is still watching sports
using the TV in the living room connected to STB1; the
corresponding live TV application is using the digital TV
receiver as data source (PC). If Alice starts watching TV
in the kitchen using STB2, she will only obtain full con-
trol of the analog TV source – the digital TV source can
only be shared without any control options. When Alice
switches to a channel that is preferably received via digital
TV (or that is only available using the digital TV receiver),
the live TV application controlled by Alice requests the cur-
rently set channel of the digital TV sourcebeforeusing it as
shared node within its flow graph (compare Section 4.2). If
the channel requested by Alice is not the channel that Bob is
currently watching, another TV source is tried to be chosen,
e.g. the analog TV source. If the channel is not available us-
ing that source, a message is displayed, telling Alice that the
chosen channel is currently not available since the required
TV source is controlled by Bob.

4.7 Multi-User Live TV versus Recording

Finally, the most demanding use case occurs if several
users are watching live TV and a video recording must
be started. According to traditional analog video cassette
recorders, our recording application will switch to the spec-
ified channel of the assigned TV source even if a user is
currently watching a different channel using that source.
Together, we apply following rule:

A video recorder can take full control of a TV
source that is used by another task, such live TV
or the EPG.

Let us extend the example presented in Section 4.6.
Again, Alice and Bob are watching TV concurrently. The
timer to be recorded next is scheduled to use the digital TV
source (compare Section 4.5). Thus, the video recorder re-
quests the digital TV source, but only obtains a slave graph
since this device is already used by Bob. Based on our rule,
the video recorder takes control of the TV source, switches
to the intended channel and starts recording – in fact, it
becomes the master. Therefore, Bob is notified about this
change.

If the video recorder accesses the same program that Bob
is currently watching, the running live TV application is
continued without further modification. Otherwise, the live
TV application tries to find another TV source that can be
used for watching the channel that was originally selected
by Bob. Since no such TV source is available in our ex-
ample, a message is displayed stating that the channel is
no longer available. In this case, Bob can either watch the
channel that is currently recorded or manually cancel the
recorder application. In addition, Bob can switch to the
channel that Alice is currently watching. Alice still has full
control of the analog TV source and can switch between all
its available channels.

5 Generic Media Routing Algorithm

Based on the previous sections we derive a generic algo-
rithm for media routing. The algorithm expects three argu-
ments. The first,source list, is a list that includes all
TV sources that provide the channel to be selected, which is
given as second argument calledchannel. The third argu-
mentapplication specifies the application that invoked
the algorithm.

The algorithm is split into three parts. In the first
part, we try to find a TV source that can be fully con-
trolled by the application. The main idea is to request
each suitable TV source using the session sharing ser-
vice (requestSource()). This service returns a mas-
ter graph if the TV source is currently unused. Then, we
specify the application to be the “master” of the TV source
(setMaster()), i.e. the TV source will only accept com-
mands, like channel switching, from the application speci-
fied.

Otherwise, the algorithm tries to get full control of the
TV source based on the rules defined in Section 4. If our
application can take control of a TV source, we notify the
original master of this source that it can no longer switch the
channel (removeMaster()). Since the original master
of the TV source may need another TV source to continue
its work, it can also invoke this algorithm to find another
possible solution.

If no possibilty was found to acquire full control of a TV
source, a TV source that is already set to the wanted channel
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is tried to be used as shared node (currentChannel())
within the second part of the algorithm.

Otherwise, the third part of the algorithm is reached: An
error message is returned, if the method was invoked by a
live TV application, because no suitable TV source can be
used. If the algorithm was invoked by an EPG task, we
simply return the first TV source of the list of TV sources
that can be used to collect at least the program information
of the corresponding selected channel. Together, the pseudo
code of the algorithm is as follows.

t v s o u r c e searchTVSource ( s o u r c el i s t , channel , a p p l i c a t i o n )
{

/∗ F i r s t p a r t o f t h e a l g o r i t h m∗/
fo reach ( t v s o u r c e i n s o u r c el i s t ) do {

i f ( r eq u es t S o u r ce ( t vs o u r c e ) == Master ){
s e t M as t e r ( t v s o u r ce , a p p l i c a t i o n ) ;
re turn t v s o u r c e ;

}

i f ( a p p l i c a t i o n == LiveTV ) {
i f ( i s M as t e r O f ( t v s o u r c e ) == EPG ){

removeMaster ( t vs o u r c e ) ;
s e t M as t e r ( t v s o u r ce , a p p l i c a t i o n ) ;
re turn t v s o u r c e ;

}
}

i f ( a p p l i c a t i o n == VideoRecorder ){
i f ( i s M as t e r O f ( t v s o u r c e ) == EPG or

i s M as t e r O f ( t v s o u r c e ) == LiveTV ) {
removeMaster ( t vs o u r c e ) ;
s e t M as t e r ( t v s o u r c e ) ;
re turn t v s o u r c e ;

}
}

}

/∗ Second p a r t o f t h e a l g o r i t h m∗/
fo reach ( t v c a r d i n s o u r c e l i s t ) do {

i f ( cu r r en t C h an n e l ( t vc a r d ) == ch an n e l ){
re turn t v c a r d ;

}

}

/∗ Th i rd p a r t o f t h e a l g o r i t h m ∗/
i f ( a p p l i c a t i o n == LiveTV ) {

t h row Ex cep t i o n ( ‘ ‘ Channel i s c u r r e n t l y no t a v a i l a b l e ’ ’ ) ;
}

i f ( a p p l i c a t i o n == EPG ){
re turn f i r s t EP G S o u r ce ( s o u r c el i s t ) ;

}

}

6 Conclusions and Future Work

In this paper, we presented an architecture for dynami-
cally routing media streams in multimedia home networks.
While we especially examined the important tasks of watch-
ing and recording TV, the described approach can be ap-
plied to other sources of media as well. The overall sys-
tem consists of various networked devices, such as set-top
boxes and PCs. Different types of TV sources are seam-
lessly integrated and can transparently accessed by all appli-
cations. Users are allowed to watch TV on any device, me-
dia sources are determined automatically. Furthermore, our
architecture supports multi-room and location-aware pre-
sentations. When different applications, such as live TV,
video recording, or an EPG task, are operating concurrently,

a generic algorithm determines an optimal routing of media
streams and dynamically adapts to changing conditions.

Future research will concentrate on the integration of
mobile devices. Especially the automatic adaptation of me-
dia streams for such resource-poor systems seems to be de-
manding. Since users currently have to select their location
manually, we would also like to include solutions for track-
ing users and mobile devices into our architecture.
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